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PREFACE

The 2022 European Conference on Computing in Construction was held as an mixed 

Conference from July 24 – July 26, 2022. The conference had 95 attendees that presented work 

and exchanged ideas in the areas of the conference. This book contains the paper that were 

submitted to the conference and were accepted after a rigorous peer-review process.  

The EC3 conference will be a core activity of EC3. Conference organisation is managed 

independently by a group of volunteers. The present conference is the 1st annual event of EC3. 

The EC3 2022 proceedings include an illustrated review of the program, the names of 

organizations and persons who contributed to the technical program. The peer review process 

consisted of two phases. Firstly, we received 37 optional abstracts that were reviewed by the 

respective area chairs. Following a rigorous full paper peer review process (with each full paper 

being reviewed by at least two reviewers drawn from the scientific committee of international 

experts, and final decisions being made collectively by the corresponding track and programme 

chairs), 80 outstanding full papers were ultimately included in the proceedings and presentation 

at the conference. The manuscripts were presented during 2 plenary sessions and 17 technical 

sessions, including topics that focused on:  

● Blockchain & Distributed Ledger Technology

● Data Analysis, Simulation, & Resilience

● Data Integration Methods

● Data Sensing & Acquisition

● Education, Policy, and Standardisation

● Energy Modelling & Monitoring

● Product and Process Modeling

● Virtual and Augmented Reality

Please note: All EC3 proceedings and session recordings are available at no cost from 

https://ec-3.org/publications/conference/. All conference papers now have a unique DOI and 

are comprehensively meta-tagged to ensure easy discovery by commonly used search and 

indexing services.  

One further session allowed participants to communicate embryonic or thesis-related work 

through sessions dedicated to: 

● Thesis-related work in the form of a Thesis-in-3 competition for students.

Additionally, the conference included four sessions dedicated to the technical committee work 

of the EC3 and these included: 

● Data Sensing and Analysis (DSA) Committee

● Standards Technical Committee

● Education Committee

● Human Digital Interaction (HDI) Technical Committee

https://www.conftool.org/ec3-2019/index.php?page=browseSessions&path=adminSessions&form_session=19
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In addition to the technical content, the conference also provided opportunities for fellowship 

and networking in informal events.  

 

We would like to thank the EC3 scientific community, including both academic and industry 

members for their contributions and support; the scientific committee (see specific 

acknowledgements below); Alexander Nikolas Walzer, Luca Rampini, Ranjith K. Soman for 

their invaluable support with the conference digital presence and Sobia Bano for the 

preparation of the conference proceedings.  

 

To all EC3 2022 attendees: we sincerely appreciate your participation and involvement in this 

conference. We hope your experience provided opportunities to renew friendships and 

professional relationships, forge new ones, spark exciting new research ideas, and enjoy the 

scenery and surroundings in a beautiful setting!  

 

Lavinia Chiara Tagliabue, Ph.D., University of Turin, EC3 Programme Chair, and  

Daniel M. Hall, Ph.D., ETH Zurich, EC3 Conference Chair. 
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EC3 Sponsors 

We would like to thank our sponsors and academic partners for their generous contributions 

to the congress. 
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EUROPEAN COUNCIL ON COMPUTING IN CONSTRUCTION  

The European Council on Computing in Construction (EC3) is a recently established society of 

construction professionals, academics, researchers and national Professional Bodies, aspiring to 

become the leading European forum in the area of information technology in construction engineering 

and management. 

Role of EC3 

The European Council on Computing in Construction (EC3) advances professional knowledge and 

improves engineering practice in the built environment by fostering research, education and policy in 

current and emerging computing and information technologies. 

EC3 is founded on the following four pillars and corresponding Technical Committees: 

● DSA: Data Sensing & Analysis 

● M&S: Modelling & Standards 

● HDI: Human Data Interaction 

● EDU: Education 

EC3 interacts strongly with other Architecture, Engineering, Construction and Facility Management 

(AEC/FM) societies in related areas, strengthen the collaborations between academia and industry in 

topics related to EC3’s mission, spearhead research on such topics, identify and promote effective ways 

to advance the state of knowledge and the level of education and practice in these topics, assist in the 

making of policy, and support existing and new related specialty conferences and publications. 

Technical Committees 

The role of all technical committees is to: 

● Gather, maintain and disseminate information on the application of the committee’s area to 

AEC/FM 

● Organise and support joint research activities in the committee’s area 

● Organise and support conference sessions, workshops, and meetings in the committee’s area 

● Disseminate innovation in the committee’s area through position papers, white papers, grand 

challenges reports and policy work throughout the European spectrum 

● Keep the SPAs aware of developments in the committee’s area 
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Abstract  
The current global trend is digitalization; however, the 

architecture, engineering, and construction (AEC) 

industry has been reluctant in embracing this change.  

Current strains in the supply chain caused by the on-going 

pandemic have heightened the need for all industries 

including the AEC industry to embrace digitalization, 

especially in the payment of goods and services. A major 

gap in the adoption of crypto coins / tokens is the high 

volatility associated with crypto coins as well as tokens 

which result to losses or gains in the worth of these coins. 

The proposed framework was developed qualitatively to 

aid in the adoption of stablecoins (USFT/BUSD) for 

construction payments.  

Introduction  
The current strain on supply chains caused by the 

pandemic is revolutionizing the way in which industries 

conduct their businesses. Practically all industries are 

embracing digitalization and that includes the 

architectural, engineering and construction (AEC) 

industry.  Although, some of the key drivers for national 

economies is the employment of the citizens, the 

development of human resources and the return on 

investments (CBC, 2021); the structural and processual 

complexities of construction, especially pertaining to legal 

and financial aspects, makes return on investments, a 

challenge for the AEC industry (TRP, 2018). 

Digitalization technologies, specifically blockchain 

technology, creates an opportunity for industries to utilize 

digital equivalents to address the challenges created by the 

complexities of the legal and financial processes (Ciotta et 

al, 2021).   

In the construction industry, disputes arise amongst 

several parties (owner vs general contractor, general 

contractor vs subcontractor, and etc.); these legal disputes 

cost money that were previously not budgeted which leads 

to delays in the completion of the project. Furthermore, 

such disputes cause disruptions in the cash flow, and it is 

therefore necessary for investors/stakeholders to be: (1) 

optimistic in the procurement frameworks; (2) contractual 

obligations; and (3) have access to relevant information; 

as these elements are decisive factors that can help avoid 

such disputes (Arcadis, 2021). According to Hamledari & 

Fischer (2021), lenders and developers agree that 

automating the financial process can expedite financial 

processing approvals, help in decision making processes 

and ultimately faster disbursement of funds.   

In the AEC industry, progress payments dictate the cash 

flow on a project. Progress payments includes costs 

associated with direct/indirect costs for the general 

contractor, payments to subcontractors, payments to the 

suppliers, and payments for equipment used for the work 

performed during a billing period. The AEC industry is 

plagued with untimely payments and low productivity as 

a result of ineffective contracting practices (Chen & Chen, 

2005; Xiang et al, 2015; Barbosa et al, 2017; Durdyev & 

Hosseini, 2019). Lack of timely periodic payments has 

been identified as a major cause of disputes among 

stakeholders in the industry (El-Sayegh, 2008); overtime, 

and lack of trust amongst these stakeholders (Manu, et al.  

2015).  Recently, researchers in the AEC industry have 

proposed systems that focus on automating construction 

payments using blockchain enabled smart contracts and 

robotic reality capture technologies (Ciotta et al, 2021). 

Tang et al (2010), Akinci (2015), Patraucean et al (2015) 

proposed the use of robotics, artificial intelligence, and 

building information modeling (BIM) for capturing, 

analyzing, and modeling the job site conditions. Cerovsek  

(2011), Volk et al (2014), Ham et al (2016), Omar & 

Nehdi (2016) proposed automated construction payment 

systems using reality capture technologies as basis for 

triggering construction payment. These proposed methods 

amongst others, have laid the foundation for utilizing 

BIM-based approaches to streamline payments and 

automate the transition from product flow to cash flow in 

the construction supply chain (Ciotta et al, 2021).  

However, despite the availability of such digitized 

progress data information, periodic progress payment is 

still being conducted using traditional methods (manually) 

(Hamledari & Fischer, 2021). Construction projects still 

heavily rely on traditional payment applications which are 

time consuming and dependent on manual information 

retrieval processes (Penzes et al,  

2018). In recent years, digital payment management 

systems have been developed to help address these 

challenges posed by utilizing traditional payment 

applications (Hamledari & Fischer, 2021). Currently, there 

are existing commercial platforms that facilitates 

electronic payments amongst construction as opposed to 

traditional paper methods (Ciotta et al, 2021). According 

to Barron & Fischer (2001), these electronic payment 

systems reduces manual efforts involved in processing 
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construction payments by 84%. However, these current 

digital platforms are still limited in terms of full 

automation of construction payments. These limitations 

include: (1) robustness - the inability of the current 

systems to utilize reality capture technologies to trigger 

construction payment; and (2) manual methods – similar 

to the traditional methods, these digital platforms still 

depend heavily on manual operations. And as such, these 

digitalized platforms do not utilize centralized control 

mechanisms and lack guaranteed construction payment 

execution system (Hamledari & Fischer, 2021). To 

achieve this level of automation, there is a need for a 

seamless real-time transfer of job site observations to 

construction payment systems which triggers payment for 

work carried out on site real-time to construction 

stakeholders using blockchain technologies. (Ciotta et al, 

2021; Hamledari & Fischer, 2021).   

The current workflows for construction payment in the  

AEC industry are manual and might be difficult to be 

integrated with reality capture technologies for automating 

construction payments. In an effort to address these 

limitations; (Hamledari & Fischer, 2021) proposed a 

blockchain (smart contract-based) method for autonomous 

transition of on-site job observations to progress 

payments. However, the method proposed by (Hamledari 

& Fischer, 2021) still had a limitation, in terms of an 

acceptable construction payment currency  

(crypto coins / tokens) for the blockchain. Crypto coin / 

token are subject to several challenges such as: (1) high 

volatility; (2) issues in the conversion of the coin / token 

to cash or vice versa; (3) public perception and knowledge 

of crypto coin / token; and (4) the willingness of AEC 

stakeholders to adopt and accept the coin / token as a form 

of payment tender (Ciotta et al, 2021; Hamledari & 

Fischer, 2021). Hence, this manuscript proposes a method 

that addresses these identified challenges by developing a 

framework to aid in the adoption of stablecoins for 

construction payments in the AEC industry. The authors 

conducted an extensive literature review to: (1) identify 

existing stablecoins, that can be adopted as payment of 

lien; (2) highlighted the current challenges associated with 

utilizing stablecoins as payments of liens in the AEC 

industry; and (3) proposes a framework that aid in the 

adoption of stablecoins for construction payment in the 

AEC industry.  

Literature review  
Why use blockchain for construction payment  

Blockchain technology offers faster, low-cost, secured 

payment services along with a distributed ledger that can 

provide trust among the AEC stakeholders (WEF, 2021). 

Although blockchain started out as the initial support 

platform for digital currencies, it has now adopted by 

various industries for payments (WEF, 2021). Currently, 

the construction payment system is complex, challenging 

and can benefit from automating technologies (Hamledari 

& Fischer, 2021). In many cases, it can take days to 

process a transaction with extra fees and low security  

(Hamledari & Fischer, 2021). This is the one of the many 

reasons why stakeholders shy away from using payment 

methods to store or conduct transactions (Hamledari & 

Fischer, 2021).  

A good portion of the AEC stakeholders do not have 

access to proper banking and payment channels  

(Hamledari & Fischer, 2021). Blockchain in this regard 

can help address the problem of accessibility to proper 

banking and payment channels (TCI, 2021). Blockchain 

can offer these stakeholders the opportunity they deserve 

and also reduce most payment issues to a significant extent 

(Hamledari & Fischer, 2021).   

Challenges of crypto coins / token in relation to 

construction payment   

Seven major challenges to the use of crypto coins / tokens 

as payment of liens in the AEC industry were identified by 

Hamledari & Fischer (2021). These challenges were: (1) 

non-stablecoins  are subject to high levels of volatility, 

which might result in loss of value in money; (2) 

operational risks as a result of failures and disruptions 

preventing the use of services which might create some 

downtime resulting in loss;  (3) cyber risks, that is 

hacking-related thefts of customer funds; (4) risks 

pertaining to the lack of transparency around issuance and 

distribution of crypto assets;   (5) ease of converting crypto 

coins / tokens to cash and vice versa; (6) lack of greater 

public acceptance of crypto coins / tokens; and (7) 

stringent government polices discouraging the use of 

crypto coins / tokens.  

Digital asset and stablecoin market  

The adoption of digital assets has increased since bitcoin 

emerged in 2009. Currently, with a market capitalization 

of approximately $600 billion, bitcoin is the most 

highlyvalued digital asset (TCI, 2021). However, although 

it has been over a decade since bitcoin has been developed, 

it’s adoption is still limited because of it’s extremely high 

volatility (TCI, 2021). For exchange mediums, stability is 

a fundamental characteristic; however, with bitcoin’s high 

volatility, stakeholders are concerned about the adoption 

and utilization of bitcoin as a means of payment exchange 

(TCI, 2021).   

The promise of digital assets has missed expectations, with 

visions of a frictionless and highly liquid monetary system 

falling short of its initial intentions (TCI, 2021). A solution 

that might address this challenge to the digital asset 

markets is the concept of a stable store of value that is 

pegged one-to-one to fiat currencies (for example; USD, 

GBP etc.) or other hard assets (for example; precious 

metals); which are often called a stablecoins (TCI, 2021). 

The demand for stablecoins has been proven to be 

sustainable by blockchain consumers, stablecoin vendors 

such as Gemini, Circle, and Paxos, which offer USD-

pegged stablecoins (WEF, 2021). There are few stablecoin 
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vendors that issue tokens, backed by other fiat currencies 

that have a reasonable market presence (TCI, 2021). An 

immediate need for a digital medium of exchange is not 

limited to USD (TCI, 2021). In the future, there will be 

more issuers of stablecoins, broadening the assets that 

back a stablecoin, such as foreign currencies, gold, other 

precious metals, and oil or other commodities (TCI, 2021).   

Stablecoins in monetary systems  

In the last decade, the adoption of stablecoins has been 

growing rapidly, with stablecoins being accepted as valid 

method of payment in various financial services (TCI, 

2021). With various industries and financial organizations 

adopting stablecoins as their valid payment method, 

regulatory agencies are beginning to engage and pay closer 

attention to the regulations surrounding stablecoins in 

terms of transparency, solvency, trust, and etc. (TCI, 

2021). And according to TCI (2021), from a regulatory 

perspective, the global markets needs a globally accepted 

and trusted fiat – currency, secured utilizing blockchain 

technology. There are a number of stablecoins currently in 

use as methods of payments (WEF, 2021); however, the 

three major stablecoins in terms of market capitalization 

are: (1) Tether [USDT]; (2) Binance USD [BUSD]; and 

(3) Gemini dollar [GUSD] (Ingolf et al, 2019; TCI, 2021; 

WEF, 2021).    

Tether (USDT)  

USDT is among the first Bitcoin-based USD fiat pegged 

crypto token and it is still currently in use (WEF, 2021). 

USDT is hosted on the Ethereum blockchain, one of the 

most secured and tested public ledger blockchain in 

existence (WEF, 2021). USDTs are fully reserved at a one-

to-one ratio against the United States (US) dollar, and they 

are completely independent of market forces, pricing, or 

liquidity constraints. USDTs constantly undergoes regular 

professional audits and have reliable Proof of Reserves 

(PoR), that is, cash deposited in a bank as cash backing to 

asset deployed digitally online (WEF, 2021). Furthermore, 

the underlying banking relationships, compliance, and 

legal structures of USTDs provide a secure stablecoin 

(Ingolf et al, 2019).  

Binance USD (BUSD)  

BUSD is a USD-denominated stablecoin approved by the  

New York State Department of Financial Services 

(NYDFS) in partnership with Paxos and Binance (WEF, 

2021). Similar to USDT, BUSD are regulated at a one-

toone ratio against the US dollar. BUSDs can be currently 

purchased and redeemed without incurring additional 

transactional fees from the digital trust space. BUSDs can 

be transferred globally, quickly (in minutes) and at a 

relatively low-cost (WEF, 2021).  

Gemini dollar (GUSD)  

GUSD is a stablecoin that is also hosted on the Ethereum 

blockchain and establishes POR through cryptographic 

regulatory oversight (WEF, 2021). GUSD utilizes an 

offline approval mechanism for high-risk actions, and a 

hybrid online-offline approval mechanism for token 

issuance. These features provide the required level of 

security and flexibility for end-users (WEF, 2021). The 

GUSD operates under the regulatory authority of the New 

York State Department of Financial Services and is 

subject to the New York Banking Laws and other 

applicable U.S. laws and regulations (WEF, 2021).  

  

Crypto token network  

These are token standards, smart contract-compatible 

specific protocol for creating, transferring, or returning a 

balance (Houben, 2018). There are a number of 

cryptocurrencies currently in use as methods of payments  

(Ingolf et al, 2019); however, the major cryptocurrencies 

networks in terms of transaction volume are: (1) BEP-20, 

(2) ERC-20 (WEF, 2021).  

ERC-20  

ERC-20 is one of the most significant Ethereum tokens 

(WEF, 2021). ERC-20 has been considered the technical 

standard used for creating smart contracts on the Ethereum 

blockchain (Houben, 2018). ERC-20 is similar, to bitcoin, 

Litecoin, and any other cryptocurrency; ERC20 tokens are 

blockchain-based assets that have value and can be sent 

and received (WEF, 2021). The primary difference is that 

instead of running on their own blockchain, ERC-20 

tokens are issued on the Ethereum network (Houben, 

2018).  

BEP-20  

BEP-20 is the Binance Smart Chain token (BSC) standard, 

which is similar to Ethereum’s smart contractcompatible 

specific protocol ERC-20 (Houben, 2018). BEP20 is a 

user-friendly token standard that provides features 

enabling users to create tokens (Houben, 2018). With 

current rate increases, there is a demand for affordable 

smart contract-compatible DeFi-platforms (WEF, 2021). 

BEP-20 is interoperable with ERC-20 and BEP-2 with 

ease of token management (Ingolf et al, 2019; TCI, 2021; 

WEF, 2021).  

Crypto coin / token exchanges   

Cryptocurrency exchanges allow users to sell their tokens 

for fiat currencies or buy new cryptocurrencies with fiat 

currencies. Furthermore, this cryptocurrency exchanges 

allow for swapping of one crypto token to another crypto 

token (Houben, 2018).  

Wallet   

Wallets are entities that provide services to safeguard 

private cryptographic keys on behalf of their customers, to 

hold, store and transfer virtual currencies (Houben, 2018). 

Hardware wallet provide cryptocurrency users with 

specific hardware solutions to privately store their 

cryptographic keys (Houben, 2018). Software wallets 

provide cryptocurrency users with software applications 

allowing them to access the network, send, receive 

cryptocurrencies, and locally save their cryptographic 
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keys. Examples are Trust Wallet, Safepal Wallet, and etc. 

(Houben, 2018). Custodian wallets take (online) custody 

of a cryptocurrency user’s cryptographic keys. Examples 

are Binance wallet, Pooswap wallet (Houben, 2018).    

Off-chain flow of products   

According to Hamledari & Fischer (2021), accurate and 

timely understanding of changes in the physical reality  

(i.e., product flow) is the first step towards the successful 

automation of payments. Construction progress is 

measured using reality capture solutions operated 

manually (e.g., laser scans) or mounted on robotic 

platforms (e.g., camera-equipped unmanned aerial 

vehicles) (Ingolf et al, 2019). The captured data is 

analyzed using machine intelligence to arrive at the 

percentage completion data for various scopes of work 

(Hamledari & Fischer, 2021). This was achieved by 

identifying the components (e.g., columns, studs, 

insulation panels) or the state of progress for building 

elements (e.g., painted partition) (Hamledari & Fischer, 

2021). Depending on the choice of machine intelligence 

algorithm, the progress results can vary in terms of their 

granularity, available per globally unique identifiers 

(GUID) or per a larger scope of work such as one or few 

building floors (Hamledari & Fischer, 2021). The resulting 

progress data is then automatically incorporated into an as-

built 3D/4D BIM (Hamledari & Fischer, 2021). This 

creates an integrated data-driven approach that makes it 

possible to directly value the work completed using the 

captured physical reality (Hamledari & Fischer, 2021). 

After the progress of the work is captured and analyzed, it 

is categorized and valued using the project’s 

corresponding cost codes, making the product flow 

structured for use by smart contract (Hamledari & Fischer, 

2021).  

On-chain flow of cash  

The on-chain management of cash flow needs to 

accomplish two objectives: (1) settle payments between 

project participants in accordance to off-chain flow of 

products; and (2) and transfer lien rights alongside 

payments [the mechanics lien is a contractor’s claim on the 

property, and it can be filed for work that is not 

compensated] (Hamledari & Fischer, 2021).  

Research method   
The study adopted a qualitative research approach - 

convenient sampling with a known population size 

Furthermore, semi - structured interviews were also 

carried out, 14 respondents in the AEC industry 

conversant with cash flow and payment were interviewed; 

they were selected from a sample size of 20. Descriptive 

method was used for analysis, the result was transcribed 

and summarized into: (1) level of awareness of 

stablecoins; (2) stakeholder knowledge on converting 

stablecoins to fiat currencies; (3) stakeholder willingness 

to accept stablecoins as payment of lien; (4) economic 

implication of adoption stablecoins; (5) government 

policies; and (6) possible drawbacks to the adoption of 

stablecoins.  Based on these results, a conceptual 

framework was then proposed on the adoption of 

stablecoins for construction payments.  

This study adopted combining multiple chain-link oracle 

service to propose the stablecoin conceptual framework; 

that is, the combination of an on-chain blockchain 

infrastructure and an off-chain oracle service. This forms 

the foundation of a powerful new hybrid smart contract 

framework, where applications can retain the noncustodial 

and censorship-resistant properties of blockchains while 

becoming substantially more featurerich via oracle 

(Chainlink, 2021). Though many hybrid smart contracts 

began by using a single oracle service, this is quickly 

changing as applications are becoming more sophisticated 

(Chainlink, 2021). Developers are now combining 

multiple chain-link oracle services together within a single 

application to unlock more utility and simplify user 

experience (Chainlink, 2021).  

  
Figure 1: Combining multiple chain-link oracle service.  

Discussion  
Level of awareness of stablecoins  

Stakeholder awareness level seems to be on the basic level, 

respondent where questioned on their general knowledge 

on crypto currency especially stablecoins. 12 out of the 14 

interviewed had basic level awareness while  

2 respondents demonstrated an advanced level of 

awareness. However, the respondents with the basic level 

of awareness were curious to have a deeper understanding 

of stablecoins. This shows that stakeholder’s awareness of 

stablecoins can be further explored.   

  

Stakeholder’s knowledge on converting stablecoins to 

fiat currencies  

Stakeholder’s knowledge of converting stablecoins to fiat 

currencies were on the basic level, respondent where 

questioned on their knowledge on the stablecoins’ 

exchange platforms, networks and wallets. 13 out of the  

14 interviewed had basic knowledge, while 1 respondents 

had advanced knowledge. However, the respondents with 

the basic level of knowledge were curious to have a deeper 

understanding of stablecoins’ exchanges, networks and 

wallet.   
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Stakeholder willingness to accept stablecoins as 

payment of lien  

The respondents are willing to accept stablecoins as 

payment of lien provided, they would be able to get 

liquidity whenever the need arise and with ease.  

  

Economic implication of adoption stablecoins  

The respondents agree that the adoption of stablecoins will 

go a long way in reducing project failure, due to late 

payment resulting from manual processes; however, with 

the full implementation of stablecoins smart contract 

payment, such risk will be mitigated. This will increase the 

turnaround time for project delivery there by ensuring 

rapid growth of the Gross Domestic Product.   

  

Government policies  

The respondents agree that the adoption of stablecoins 

might hit a roadblock because some government policies 

do not support stablecoins because the central banks are 

not able to regulate its circulation. Furthermore, there are 

claims that stablecoins can aid criminal activities, such as 

fraud, tax evasion, financing terrorism and more. 

However, according to the respondents, the major reason 

for stringent government policies on stablecoins is hinge 

on government’s inability to generate revenue from the 

billions of transactions being carried yearly.  

  

Possible drawbacks to the adoption of stablecoins  

Some of the possible drawback to the adoption of 

stablecoins according to the respondents are: (1) stringent 

government policies against stablecoins; (2) difficulty 

getting liquidity; (3) lack of awareness of stablecoins; (4) 

bad public perception of stablecoins to defraud AEC 

stakeholders; and (5) lack of proper enablers for 

stablecoins adoption.   

Based on these responses from the respondents, a 

conceptual framework was developed to serve as a guide 

to aid the adoption of stablecoin as a means of payment.  

  

 

Figure 2: Conceptual framework for stablecoins adoption 

for transfer of lien rights alongside payment.  

Figure 2 comprises of two major stages; Stage 1: off chain 

flow, where the certificate of completion is generated 

automatically after site observation. This is carried out 

using laser scan, camera UAV to check the work done 

against the as-built model. If everything meets the 

requirements for payment, a command instruction triggers 

Stage 2, the oracle system architecture service was 

adopted.   

Stage 2: This is executed within the smart contract, when 

an instruction is received, from the sender (financer) the 

smart contract checks to ensure that both the sender and 

the receiver (contractor) agrees to the payment terms, after 

which transfer of the exact lien right is executed 

automatically. It is important that both parties have 

separate wallets, the sender shall have stablecoins to pay 

the receiver, both must use the same crypto smart chain 

network to avoid loss of payment.   

Note: A smart contract will be created to support the above 

process (stage 2) across all standards that support 

stablecoin.  

Conclusion  
Despite the potential advantage of blockchain technology 

to automate the payment system in AEC industry by 

linking off-chain product flow and on-chain cash flow, its 

adoption in payment systems faces a major barrier, that is, 

high volatility of the crypto currencies / tokens, hence, a 

conceptual framework for the adoption of stablecoins 

(USDT/BUSD) for construction payment was proposed to 

address the issue of volatility of cryptocurrencies.  

The study proposed a framework for the adoption of 

stablecoin as means of payment in the AEC industry 

customizing it to the peculiarities in the construction 

industry.  
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Abstract 

The construction industry is characterised by a high level 

of fragmentation, inefficient collaboration and a lack of 

trust between project stakeholders. Issues due to the 

fragmented nature of the construction industry are 

extenuated from centralised Building Information 

Modelling approaches. Blockchain technology can help 

address information management issues by providing data 

traceability, transparency, and immutability. First, this 

paper reviews centralised and decentralised approaches to 

lifecycle information management. Second, a conceptual 

framework for decentralised information management 

workflow based on blockchain technology and the Inter-

Planetary File System is proposed. Smart contracts can 

improve the information flow between different phases by 

providing more accountability. 

Introduction 

Many construction industry problems result from its high 

fragmentation and decentralisation, which occurs at three 

different levels (Riazi et al., 2020). First, construction 

projects involve multiple parties, such as architects, 

engineers, contractors etc., who collaborate during the 

whole project life cycle. The construction industry in the 

UK and elsewhere comprises Small-Medium-Enterprises 

(SMEs)(Barton, 2020). In the US, more than 90% of all 

construction firms are SMEs with less than 20 employees 

(Eastman et al., 2018). The geographical isolation of 

professionals causes numerous barriers to fast and 

effective communication, coordination and collaboration 

(Riazi et al., 2020). Moreover, research on innovative 

technologies requires an up-front investment and involves 

risks that small construction companies usually can not 

take. Secondly, traditional construction project delivery 

practice is carried out sequentially, as an activity can only 

start after another one completes. Lifecycle phases such 

as design, construction, and operation and maintenance 

are distinct in traditional contracting practice (design-bid-

build); this fragments information flow between the 

parties and causes a lack of coordination between 

different phases. Poor interactions might lead to 

aggressive behaviours as involved parties have no 

opportunity to build up trust and shared understanding 

(Riazi et al., 2020). The third level of fragmentation 

occurs due to the unique nature of projects, as usually, 

each project involves a different set of stakeholders. 

Frequent changes in teams make it difficult to build tacit 

knowledge from project to project, slowing down 

innovation diffusion and hindering practical cooperation 

(Hall et al., 2014).  

The digital transformation of the Architecture, 

Construction, Engineering and Operations (AECO) 

industry is enabled due to advances in Building 

Information Modelling (BIM) (Eastman et al., 2018; 

Mathews et al., 2017). Effective use of BIM in 

construction projects improves information flows and 

leads to enhanced building management across the 

lifecycle (Eastman et al., 2018). However, centralised 

BIM solutions are not suitable for the fragmented nature 

of the construction industry. Providing a trust-less 

technology for managing project data could help building 

trust among the stakeholders who in general do not trust 

each other (Das et al., 2021a). Trust is vital in construction 

because of how much each stakeholder and each step of a 

project relies on the performance of others (Acker et al., 

2020). BIM-based collaboration raises concerns about 

data security, data ownership, legal implications and 

responsibility distribution in shared BIM models 

(Eastman et al., 2018). Many authors claim that 

blockchain technology could provide a catalyst for BIM 

in reaching its full potential as it might provide a solution 

to the problem of trust (Mathews et al., 2017; Tezel et al., 

2020). Blockchain features such as decentralisation, the 

immutability of decisions and files, and intellectual 

property protection can help tackle some of the centralised 

BIM implementation shortcomings (Dounas et al., 

2020b). A report from the Institute of Civil Engineers 

(Penzes, 2018) indicates that blockchain can tackle 

problems such as lack of accountability, transparency and 

efficiency in the construction industry. Maciel believes 

that blockchain-enabled BIM can act as a bridge between 

all stakeholders in BIM-based collaboration, leading to 

highly integrated workflows and closer and more 

transparent collaboration (Maciel, 2020). 
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This paper aims to investigate the problems of current 

centralised BIM-based information management 

workflows during a built asset's lifecycle and help 

understand how decentralised technologies can help 

overcome these problems. In particular, this paper 

focused on the following research questions: 1) Is the 

centralised BIM approach to information management 

suitable for the built asset lifecycle management? 2) How 

can blockchain technology facilitate the information 

management workflow across an asset's entire lifecycle?  

First, this paper defines key terms surrounding Distributed 

Ledger Technologies and blockchain. Secondly, a short 

literature review about centralised and decentralised 

approaches to information and data management in the 

construction industry is presented. Afterwards, we 

propose a conceptual framework for decentralised 

information and data management workflow during the 

entire lifecycle of a built asset. In the end, we discuss the 

implications of the framework and the directions for 

future research. 

Key terms 

Blockchain technology 

Blockchain is a Distributed Ledger Technology (DLT) 

and was first introduced in the white paper by Satoshi 

Nakamoto (2008) as a base for the world's first 

cryptocurrency named Bitcoin. DLT is a database of 

transactions stored in a network of multiple nodes 

simultaneously, making it decentralised and immutable. 

A highly resilient network protocol and consensus 

mechanism enable all network participants to interact 

with each other in a peer-to-peer manner without a need 

for intermediaries and a third party controlling the 

network. All interactions are cryptographically secured 

and added to an immutable record of transactions, which 

is a single source of truth (Perera et al., 2020). The details 

about how blockchain functions were described 

extensively by other authors, such as Perera et al. (2020) 

and Mukherjee and Pradhan (2021). 

One of the most fundamental and disruptive innovations 

enabled by blockchain is smart contract, which is a digital 

program requiring no middlemen to execute defined terms 

once pre-defined conditions are met (Mukherjee and 

Pradhan, 2021). A particular type of smart contract, which 

resembles a form of an organisation corporation working 

on a blockchain, is known as Decentralised Autonomous 

Organisation (DAOs). Unlike traditional organisations, 

they exist only in the blockchain and have no board of 

directors or headquarters (Kinnaird and Geipel, 2017). 

Smart contracts encode all decision mechanisms and 

consequent actions in the DAOs. They can be triggered 

based on data coming from IoT devices, allowing them to 

automatise various actions in smart environments 

(Hunhevicz and Hall, 2020). 

Depending on their governance mechanism, there are 

three types of blockchain architectures: public, private 

and consortium blockchain. They differ depending on the 

access and permission level, and consensus mechanism 

used, leading to different scalability possibilities and 

environmental impact (Mukherjee and Pradhan, 2021). 

Inter-planetary File System (IPFS) 

Saving large files such as BIM models on a blockchain 

can be difficult and computationally expensive. The Inter-

planetary File System (IPFS) was created to address this 

challenge in distributed applications (Dounas et al., 

2021). IPFS is "a peer-to-peer distributed file system that 

seeks to connect all computing devices with the same files 

system" (Benet, 2014). IPFS utilises some successful 

ideas of four other enabling technologies. It uses a routing 

system based on Distributed-Hash Tables (DHTs), a block 

exchange protocol inspired by BitTorrent, a version 

control system from Git and a naming system based on 

the self-certified filesystem (Benet, 2014). Each file 

stored on the IPFS is associated with a unique 

cryptographic hash generated by the SHA256 algorithm 

(Dounas et al., 2021) called the content identifier (CID). 

The CID works as the "address" of the file, making it 

findable and addressable to other network members and 

giving them access for downloading (Tao et al., 2021). 

Only concerned stakeholders receive the CID link to 

ensure the right access and permission control. IPFS, 

through its distributed nature increases reliability of data. 

Cryptographic hashing supports the immutability of 

stored files and version control. Replacing central data 

storage with distributed use of the IPFS could improve 

information flows in the construction industry as it offers 

faster and safer exchanges and enhances data protection 

(Darabseh and Martins, 2021).  

Blockchain in the AECO industry 

Our previous literature review (Jaskula and 

Papadonikolaki, 2021) provides an overview of 

blockchain applications for the construction industry. It 

suggests that DLT and smart contracts can benefit the 

entire lifecycle of a built asset. Blockchain applications 

such as triggering payments and contract deliverables, 

recording ownership, notarisation and synchronisation of 

documents, shared accounts and insurances, and a 

Decentralised Common Data Environment can be used 

during the whole lifecycle of a built asset. In the design 

phase, typical blockchain use cases include changes in 

BIM models, a record of ownership of digital 

components, automated code compliance checking and 

tendering process. In contrast, in the construction phase, 

it is mainly used to track supply chain logistics, 

verification of installation tasks and tracking of health and 

safety incidents. The provenance of products and 

materials used during the construction phase can be 

monitored throughout the Operation and Maintenance 

(O&M) phase using Material and Product Passports. In 

the O&M phase, there is also a high potential for 

blockchain-enabled records of maintenance and operation 

data and automated Building Maintenance Systems 

(Jaskula and Papadonikolaki, 2021). 
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Literature review 

Information management standards 

According to the ISO 19650 Standard, information 

exchange in construction projects should be facilitated by 

a Common Data Environment (CDE) for sharing and 

coordinating information, using open standards whenever 

possible, and clearly defining operating procedures to 

enable a consistent information exchange approach for all 

organisations involved. CDE is defined in the standard as 

"an agreed source of information for any given project or 

asset for collecting, managing, and disseminating each 

information container through a managed process". A 

CDE solution and related workflow should manage 

information during project delivery and asset 

management. Each file can be in one of the four states: 

work in progress (WIP), shared, published or archived. 

The transition from one state to another should be subject 

to approval and authorisation processes (BSI, 2021).  

The information lifecycle in construction projects can be 

divided into two stages: the information delivery and the 

information operation phases. The former includes the 

data created from the project's initiation through the 

design and construction phases of a built asset and results 

in the generation of PIMs (Project Information Model). 

The latter consists of data from the operation and 

maintenance (O&M) phase of a built asset and generated 

AIM (Asset Information Model) (BSI, 2021). The 

handover process between the two stages should be 

established using Construction Operations Building 

information exchange (COBie), a non-proprietary format 

using a conventional spreadsheet (Eastman et al., 2018). 

A CDE is necessary for the entire lifecycle of a built asset. 

It facilitates continuous collaboration between all project 

participants and ideally works as a single source of truth 

for all project information. Therefore CDE must uphold 

data security, quality, and integrity standards secured by 

blockchain (Nawari and Ravindran, 2019). 

A CDE is usually a cloud-based repository where all 

stakeholders can store and access project data. According 

to the BIM survey (NBS, 2020), Viewpoint/4projects is 

the most popular technology solution for a CDE, used by 

half of the respondents, followed by Autodesk 360, with 

39% of respondents using it. A significant number of the 

respondents are using Dropbox (38%) and Microsoft 

SharePoint (36%) as a CDE, and another 36% used 

Aconex/Conject (NBS, 2020). It is noticeable that 

general-purpose file-based document management 

systems, like Google Drive, Microsoft SharePoint and 

OneDrive, Dropbox are widely used as a CDE (NBS, 

2020). The fact that participants have chosen more than 

one answer indicates that many stakeholders are using 

various cloud solutions simultaneously (NBS, 2020). 

However, utilising multiple repositories simultaneously 

can lead to data duplication, data loss, and loss of 

integrity. Moreover, cloud file hosting services such as 

Dropbox or Google Drive are not designed to be a 

technological solution for a CDE. They lack the required 

functionality and security, like object-level versioning, or 

integration of federated BIM models (Das et al., 2021b). 

Centralised data management 

Collaboration in a BIM-based environment raises many 

concerns, such as low-security levels and a threat of data 

leakage, which is a significant issue in public buildings 

and infrastructure projects. Another concern is data 

ownership, legal implications, and responsibility 

distribution in shared BIM models (Eastman et al., 2018). 

Currently used cloud platforms are vulnerable to security 

risks such as data loss, denial of data access, and partial 

control over sensitive data. Entrusting all project data to a 

central entity only magnifies the problem of lack of trust 

between project stakeholders. Existing centralised 

systems consolidating all project documents on a physical 

or cloud-based platform are not suitable for the 

fragmented construction industry (Das et al., 2021a).  

Das et al. (2021b) examined commonly used 

technological solutions for BIM collaboration platforms. 

They classified them into 3 Levels of BIM Security, 

considering the security of data, network and systems, 

data ownership, data sharing, data integrity and 

information flow. The first level, which presents 

unstructured file servers, includes cloud file repositories 

such as Dropbox and Samba file servers. This solution is 

prevalent among small and medium-sized construction 

companies due to its low cost and ease of implementation. 

However, unstructured file servers do not provide the 

necessary functionality and security levels as they do not 

facilitate data privacy and create a single point of failure. 

Level 2 includes structured file servers, which maintain 

the interrelations among files, unlike unstructured file 

servers. The NBS BIM Toolkit is an example of a 

structured file server to store BIM files and project 

documents. The third BIM security level includes 

structured-data servers such as Autodesk 360. They 

facilitate the storage and exchange of BIM data and 

related project information at the object level based on a 

pre-defined data model. They provide high data 

granularity and facilitate partial access and modification 

of BIM models more effectively. However, collaborative 

BIM platforms such as Autodesk BIM 360 rely on cloud 

service providers that are not tailored to the requirements 

of BIM security, such as secure data divisibility and data 

ownership at the object level (Das et al., 2021b).  

Parn et al. (2019) provided an extensive review of 

possible cyber threats confronting the digital built 

environment and highlighted vulnerabilities of the current 

centralised CDE approach. The whole lifecycle of an 

asset, including its operation, might be endangered by 

possible data manipulation that is hard to detect in a 

centralised database and may result in unrecoverable data 

damage (Tao et al., 2021). Security defences, such as 

antivirus or firewalls, are not hindering internal data 

manipulation. Project participants themselves can abuse 

their authorised access to a CDE and tamper with data for 

their advantage (Das et al., 2021a). 
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Decentralised data management 

Both BIM methodology and blockchain rely on the idea 

of serving as a single source of truth for all project 

participants (Di Giuda et al., 2020). One of the biggest 

strengths of blockchain is the high level of security, 

making it a suitable solution as an underlying technology 

for BIM exchange servers (Das et al., 2021b). Blockchain 

enables an immutable record of BIM model changes and 

an immutable record of ownership of a model or a digital 

component (Kinnaird and Geipel, 2017; Penzes, 2018; 

Turk and Klinc, 2017). Thanks to timestamping of 

transactions and a tamper-proof guarantee, the record is 

transparent and easily traceable. A cryptographically 

secure digital signature ensures data provenance and 

tracking metadata, such as timestamps or author 

information. Blockchain ensures the integrity and 

accountability of information and removes the need of a 

central trusted authority (Turk and Klinc, 2017). Parn and 

Edwards suggest that blockchain would be a suitable 

solution for storing sensitive digital infrastructure data 

with high-security and privacy requirements. Blockchain 

resistance to cyber attacks would fortify the security of 

built assets managed digitally in the CDE environment 

(Parn and Edwards, 2019). 

A set of smart contracts on the Ethereum blockchain can 

store the hashes of saved files, and through this, a record 

of changes can be stored on a public and open blockchain. 

However, one of the biggest challenges of integrating 

BIM with blockchain technology is information 

redundancy, as BIM files are known for their massive data 

volume. Several authors have attempted to solve this 

problem using different methods. One approach is to 

record only the differences between different versions of 

a model on the blockchain (Xue and Lu, 2020), and the 

other is to store only the BIM files' hashing signatures on 

a blockchain (Zheng et al., 2019). Dounas et al. (2020a) 

proposed a new alternative method, storing whole BIM 

files in the IPFS storage. 

Das et al. (2021a) proposed a framework for Distributed 

Construction Document Management System, which 

deploys smart contracts for documents approval 

workflows such as design review processes or 

information requests. Darabseh and Martins (2021) and 

Erri Pradeep et al. (2020) also propose IPFS to enhance 

data management in construction, as it secures data 

reliability and file immutability and security. The authors 

used IPFS storage to facilitate data integrity and 

decentralisation.  

A concept of decentralised CDE (DCDE) based on the 

blockchain instead of traditional central cloud-based 

solutions was mentioned firstly by Kinnaird and Geipel 

(2017) and by Parn and Edwards (2019). Tao et al. (2021) 

proposed a framework for distributed CDE for the design 

phase based on the Hyperledger Fabric blockchain. The 

authors chose this platform because it protects data 

privacy by allowing only authorised project members to 

participate in the network, thanks to its modularity and 

extensible open-source character. The authors used the 

IPFS storage system. IPFS could offer a solution to data 

privacy and security (Li and Kassem, 2021). Integrating 

blockchain and IPFS solves the problem of storing large-

sized design files and supports a secure BIM-based 

collaborative design process (Tao et al., 2021).  

Research method 

This research paper focuses on developing a conceptual 

framework based on the outcomes of the literature review 

which outlines the problems and limitations of centralised 

BIM and suggests ways that blockchain technology can 

improve the workflows in lifecycle information 

management. To address identified problems, we propose 

a framework for decentralised information management 

along the whole lifecycle of a built asset (Figure 1). The 

integration of blockchain records and IPFS storage is 

currently the most promising solution for information 

management in construction projects, as suggested in the 

literature review. 

United Kingdom is one of the most advanced countries in 

BIM adoption (Eastman et al., 2018). We decided to base 

our framework on the RIBA Plan of Work, as it is widely 

used for BIM-based lifecycle information management. 

The Plan of Work 2020 (RIBA, 2020), created by the UK 

Royal Institute of British Architects (RIBA), 

distinguishes eight lifecycle stages involving different 

stakeholders and actions. For our framework, we merged 

some of the RIBA stages and distinguished the following 

six stages: 1) Preparation (including Strategic definition 

and preparation and briefing), 2) Design (including 

Concept design, Spatial coordination and Technical 

design), 3) Construction (including Manufacturing and 

construction), 4) Handover, 5) Operation and 

Maintenance (Use), and 6) Termination phase (not a part 

of RIBA Plan). The framework can be used for traditional 

procurement (design-bid-build) and Design-Build routes. 

Different colours (red – traditional, green – Design-Build) 

present actions specific for each route. The framework 

involves multiple stakeholders directly involved in the 

project, such as Clients, Architects, Engineers, etc. and 

stakeholders not directly involved in the collaboration 

process but influencing the project outcomes (Sub-

contractors and Authorities). A UML sequence diagram 

was utilised to represent the sequentiality of events in the 

built asset’s life cycle. 

Framework proposal 

The framework is based on the continuous use of a 

decentralised CDE comprising two elements: a 

blockchain to record transactions and IPFS for storing 

geometrical and non-geometrical data. Prototypes from 

Dounas et al. (2020b) and Tao et al.(2021) proved that 

linking IPFS with private and public blockchain platforms 

is feasible for BIM-based collaboration. IPFS can be used 

for the low-frequency file-based data exchanges, while 

high-frequency transactions are recorded on the 

blockchain. The CID of files stored in IPFS should be 

recorded on the blockchain to provide data integrity. 
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Figure 1 Conceptual framework of a decentralized information management workflow. Red color refers to the traditional procurement 

route and green color to the Design Build procurement route. 
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Preparation phase 

The client prepares Project Brief in the preparation phase, 

including the Client Requirements and Project Budget. 

The client appoints the design team comprising architects 

and engineers and, in the case of Design-Build 

procurement, the General Contractor team. A project 

manager who can be a part of the design team or can be 

appointed externally has the task to establish the Common 

Data Environment, which will be used along the entire 

lifecycle of a built asset. Once a CDE is established and 

all project participants receive access, the Project Brief 

might be uploaded and shared with all participants. 

Design phase 

After Architect and Engineer Teams are appointed and 

have received Project Brief documents, they can start to 

work on developing design concepts. The design phase is 

a process of continuous development of design variants 

where collaboration between stakeholders is essential. All 

transactions between the stakeholders should be recorded 

on the blockchain, while all BIM models should be stored 

on the IPFS storage. The files can be stored in one of the 

four containers corresponding to ISO 19650 states namely 

“work in progress”, “shared”, “published” or “archived”. 

The file hashes can be distributed only with concerned 

members to ensure the data protection (Darabseh and 

Martins, 2021). When the client approves the final design, 

smart contract is triggered to change the status of the file 

from “shared” to “published” (Tao et al., 2021). A link to 

the final documentation can be shared with the authorities 

to obtain a permit to build. In the traditional procurement, 

tendering documents are prepared simultaneously. The 

client appoints a general contractor and subcontractors 

through the tendering process to deliver the building per 

the Construction Programme agreed in the Building 

Contract stored in the blockchain. At the end of the Design 

phase, a final set of as-designed BIM models and 

documentation is established. 

Construction phase 

In the Construction phase, the General Contractor 

supervises the progress of the construction. The contractor 

updates the project progress on the blockchain, using 

subcontractors' information about completed installation 

tasks. Optionally, project progress could also be attested 

using external information obtained from sensors, 

cameras or scanning devices. In case of changes to the 

project, the architect team should update the BIM models 

stored on the IPFS. Information about installed products 

and materials should also be uploaded to the IPFS to 

create Material and Product Passports. 

Handover 

At the end of the construction phase, the handover of the 

complete documentation of the built asset, including the 

as-built BIM model, Product and Material Passports, and 

Building Manual, could be automated by implementing 

smart contracts. The client appoints a Facility 

Management team that receives access to the CDE, and 

therefore, the handover can be completed. 

Operation and Maintenance phase 

After the handover, the Facility Management (FM) team 

has all information required to manage and operate the 

building. During the O&M phase, the FM team should 

record details on building operations and maintenance on 

the blockchain. Product and Materials Passports stored on 

the IPFS can be updated according to the usage of 

elements and conducted repairs. Incorporating data 

coming from IoT sensors could be facilitated by smart 

contracts, which can trigger some repeatable maintenance 

actions. The client always has access to the O&M data 

records and uses these to make decisions about necessary 

renovations or demolition of the building.  

Termination phase 

Assuming a correct use of CDE in previous stages, a data 

record from the whole lifecycle of an asset and Product 

and Material Passports provide knowledge about every 

element of a building, allowing sustainable reuse and 

recycling of materials after the demolition of a building. 

Discussion 

The single source of truth described by the ISO 19650 

standard is difficult to implement in practice, as most 

projects rely on multiple sources of information. 

Currently used centralised CDE solutions are not 

corresponding with the needs of the highly fragmented 

construction industry. The current form of a centralised 

CDE needs to be re-evaluated, with other more 

decentralised solutions investigated.  

Recording all information in a blockchain-based DCDE 

might be a solution to create a single source of truth during 

the entire lifecycle of a built asset. Currently developed 

blockchain applications for the AECO industry often 

focus only on one application type and one lifecycle phase 

(Jaskula and Papadonikolaki, 2021; Li and Kassem, 

2021). Consequently, the potential of blockchain to 

enhance the continuity of the information flow during the 

whole lifecycle is not fully explored. A DCDE should 

integrate data management throughout the entire lifecycle 

of an asset, and therefore a smooth handover between the 

phases could be established. For this reason, we propose 

a conceptual framework for decentralised information 

management along the entire lifecycle of a built asset. In 

each phase, transactions between stakeholders are 

recorded in the blockchain and files are stored on the 

linked IPFS storage. The framework integrates the ideas 

of other authors, such as a record of changes to BIM 

models, document management systems, tracking of 

construction progress, Material and Product Passports, 

records of O&M data and an automated Building 

Maintenance System. Integrating these ideas into a single 

framework allows to fully exploit the benefits of 

blockchain technology to establish a reliable single source 

of truth for project data which provides a better 

accountability of information along built asset lifecycle. 
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The socio-technical framework for implementation of 

DLT in construction proposed by Li and Kassem (2021) 

encompasses four dimensions: technology, process, 

policy and society. Implementing technological systems 

such as blockchain is not happening in a vacuum and must 

overcome many challenges. To ensure its success and 

realise all the benefits, the whole ecosystem present in the 

industry needs to adapt. It is essential to investigate the 

integration or disruption of the current landscape of 

processes, standards, and technologies adopted within the 

construction sector (Li and Kassem, 2021). Implementing 

the proposed framework would also require a change of 

currently used standards such as COBie and changes in 

presently used software and tools. It is important to make 

the change as smooth as possible for all the stakeholders 

and provide an easy-to-use platform. 

As it is a conceptual framework, the next step is to 

investigate how the transactions between all the 

stakeholders will be recorded on the blockchain and the 

technological solution to record transactions from 

different software. Also, the integration of data coming 

from IoT devices should be further investigated in the 

construction and O&M phase. Proposed solutions for 

blockchain-based CDE from (Tao et al., 2021) proved that 

saving transactions between stakeholders in the design 

phase is feasible. As developing a decentralised CDE for 

other lifecycle phases was not investigated, it is necessary 

to develop a proof of concept or a tool prototype, 

especially for the construction and O&M phases. 

Conclusion 

This paper has outlined current practices for information 

management in BIM-based collaboration, discussed the 

limitations of centralised BIM solutions and presented the 

recent developments in decentralised information 

management solutions. It is one of the first studies to 

propose implementing blockchain technology for 

decentralised information management during the entire 

lifecycle of a built asset and not only for a specific use 

case or lifecycle phase. The framework is based on the 

continuous use of a decentralised CDE comprising 

blockchain records of transactions and linked IPFS data 

storage. The next step of the research should be a 

development of a prototype and a case study to validate 

the framework's usability. 
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ABSTRACT 

Construction contract administration (CCA) is key to 

construction projects. Ineffective CCA is at the root cause 

of many of the industry’s disputes. Blockchain may offer 

necessary features for improving CCA. However, no 

review of blockchain’s potential against all functions of 

CCA exists. This study adopts a systematic review of 

relevant work, which is classified using a multifunctional 

approach to CCA. The findings reveal that existing 

research has focused on financial management whilst 

disregarding practice-based challenges.  The study 

informs contracts policymakers and practitioners by 

showing how blockchain may revolutionise CCA, and 

establishes future research directions for researchers. 

INTRODUCTION 

The construction contract administration (CCA) process 

performs various functions across the contract life cycle 

to protect contractual rights and ensure the fulfilment of 

contractual obligations (Gunduz and Elsherbeny, 2020). 

Effective CCA is essential for achieving project success 

for contracting parties. However, ineffective CCA 

continues to be one of the biggest challenges encountered 

in the construction industry (McNamara and Sepasgozar, 

2021).  

The causes include: (1) misapplication of contractual 

provisions, and (2) deliberate negligence and refusal to 

operate contractual provisions (Peters et al., 2019), (3) 

ineffective communication and inaccurate documents 

(Abdul-Malak and Abdulhai, 2017), (4) inaccessibility to 

contemporary records (Ali et al., 2020), and (5) unclear 

roles and responsibilities (Khalef et al., 2021). 

Blockchain technology is an emerging digital innovation 

that can offer the necessary features required for 

preventing or lessening the occurrence of these causes. 

Blockchain provides traceability, immutability, security, 

and decentralisation of digital records (Nawari and 

Ravindran, 2019a). Its resultant benefits to contracting 

parties include enhanced auditability, accountability, 

transparency, communication, and clearly defined roles 

and responsibilities (Li et al., 2019).  

Recent research studies have demonstrated the potential 

of leveraging blockchain in tackling common challenges 

encountered in construction projects. For example, a 

blockchain-based document management framework to 

tackle document fragmentation was proposed by Das et 

al. (2022); an on-site quality management prototype to 

address problems arising from quality-related records was 

developed by Sheng et al. (2020); and a blockchain-based 

system demonstrated promising schedule performance 

monitoring was evaluated by Wang et al. (2020). To 

overcome payment-related issues in construction, several 

blockchain-enabled payment systems have been proposed 

(Ahmadisheykhsarmast and Sonmez, 2020; Chong and 

Diamantopoulos, 2020; Das et al., 2020; Hamledari and 

Fischer 2021a). 

Another line of research has provided systematic reviews 

to consolidate individual research studies undertaken 

within the construction industry. For instance, studies 

conducted by  Kiu et al. (2020) and Li and Kassem (2021) 

both identified that construction contract administration 

(CCA) could be improved by exploiting blockchain 

technology.    

Despite the availability of these review studies and their 

contribution to the broad body of knowledge, there is a 

need for more focused work on specific blockchain 

applications; in this case, its contribution to improving 

CCA. Hence, the aim of this review study is to classify 

reported blockchain applications according to the 

multifunctional approach of construction contracts and 

discuss these classified studies from the perspective of 

challenges encountered in CCA practice.  

CONCEPTUAL BACKGROUND 

CCA functions 

Contract clauses and provisions can be classified through 

a multifunctional analysis approach according to their 

functions (Gunduz and Elsherbeny, 2020). Construction 

contract administration (CCA) can be considered as 

serving three functions at an inter-organizational level 

(Chen et al., 2018) and eleven functions at a project level 

(Gunduz and Elsherbeny, 2020) as shown in Table 1. 

Blockchain and smart contracts 

Blockchain is the underlying distributed ledger 

technology (DLT) that underpins the operation of the 

Bitcoin cryptocurrency network (Nawari and Ravindran, 

2019a). A blockchain records transactions and validates 

digital events (e.g., information) conducted in the network 

in the form of encrypted blocks and chains the entire 

recorded transactions chronology stored across multiple 

nodes (Das et al., 2020). Blockchain operates on three 
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core components: cryptography, consensus mechanisms, 

and decentralization (Li et al., 2021) that support: 

traceability of data transactions, immutability of data 

records, disintermediation to oversee transactions, and 

smart contracts execution. A smart contract is an 

automated protocol of coded instructions that self-execute 

upon the fulfilment of pre-determined conditions. The 

automated execution of conditions is enabled by rules-

based operations (e.g., If/Then/Else/Otherwise) consistent 

with paper-based contractual rules (Mason, 2017). 

Table 1: CCA functions  
 

Inter-organizational 

Level 

Project Level 

Coordination-oriented 

functions 
• Document and record management. 

• Communication and relationship 

management. 

• Team management. 

• Contract closeout management. 

 

Control-enabled 

functions 
• Financial management. 

• Performance monitoring and 

reporting. 

• Quality and acceptance 

management. 

• Project governance and start-up. 

• Changes and changes control 

management. 

 

Adaptation-based 

functions 
• Claims and disputes resolution 

management. 

• Contract risk management. 

Related work and point of departure 

Within the construction research domain three systematic 

reviews have been undertaken to consider individual 

blockchain-based solutions.  Table 2 summarizes these 

and identifies the limitations of each within the context of 

the present study. These studies focused on the broad 

application of blockchain in improving the performance 

of various processes (including CCA) associated with 

construction and the built environment at large. However, 

a conceptual understanding of how blockchain may 

improve CCA does not exist. Hence, this review study 

attempts to bridge this knowledge gap, thereby 

contributing to revolutionizing construction contract 

administration through blockchain-enabled digitalization. 

To achieve this, the following research question (RQ) is 

proposed:  

RQ: How can the state-of-the-art of blockchain-based 

applications be leveraged to improve construction 

contract administration? 

 RESEARCH METHODOLOGY 

The multistage approach to a systematic literature review 

(SLR) (Kitchenham et al., 2009) was chosen for this study 

(Figure 1). Scopus and the American Society of Civil 

Engineers (ASCE) Library were chosen as two of the 

largest databases of scientific research available. The 

search strings used are shown in Table 3. Applying the 

inclusion and exclusion criteria (Table 4) resulted in the 

classification of 21 studies, which are presented and 

discussed in the next section. 

Table 2: Previous relevant systematic review studies 
 

Author/Year Focus of Study Limitation 

(Kiu et al., 

2020) 

Identifying 

potential areas in 

construction that 

can leverage 

blockchain 

applications. 

• Contract administration 

was identified as a 

potential application from 

a trust and payment lens. 

• The study suggested 

blockchain application in 

simple relational 

contracts.  
(Scott et al., 

2021) 

Investigating 

evolvement of 

blockchain-related 

studies in the built 

environment 

across various 

areas. 

• No reference to possible 

blockchain-enabled 

contract administration 

during the construction 

phase. 

• Blockchain-enabled 

payment was classified 

under procurement and 

supply chain.  
(Li and 

Kassem, 

2021) 

Classifying 

existing 

blockchain-based 

studies 

specifically to the 

construction 

sector. 

• Contract administration 

was identified as a 

potential area that could 

leverage blockchain 

capabilities; however, this 

was not sufficiently 

covered.  

Table 3: Search strings for selection of papers 
 

SCOPUS: TITLE-ABS-KEY ( ( ( blockchain  OR  dlt  OR  "distributed 

ledger"  OR  "hyperledger fabric"  OR  "smart contract*"  OR  

chaincode* )  AND  ( bim  OR  "building information model*"  OR  
"building information manage*"  OR  "built environment"  OR  

"construction procurement"  OR  "construction project*"  OR  
"construction stage"  OR  "construction phase"  OR  "construction 

industry"  OR  "construction sector"  OR  aec  OR  "contract 

administration"  OR  "contract management"  OR  "construction 
manage*"  OR  "project manage*"  OR  "project lifecycle"  OR  

"infrastructure project*"  OR  "civil engineering" ) ) )   
ASCE: (“blockchain” OR smart AND contract*” AND “construction 

industry”) 
 

Table 4: Inclusion and exclusion criteria 

Inclusion Criteria Exclusion Criteria 

1. Academic journal studies 

published from 

emergence of the topic in 

2016 to date.  

2. English language 

studies. 

3. Studies that focus on the 

construction phase or 

performance of the built 

asset regarding defects. 

4. Studies that have 

proposed at least a 

framework, and/or 

proof-of-concept 

simulation. 

1. Academic review and 

conference studies.  

2. Studies that are irrelevant to 

construction contracts.  

3. Studies that explore how 

blockchain may address BIM 

limitations (e.g., security and 

interoperability).  

4. Qualitative studies without 

proposing at least a framework. 

5. Replicated studies the ideas of 

which are published by the same 

authors in different journals. 

6. Studies where blockchain is 

discussed only in the conclusion. 
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Figure 1: SLR process 

BLOCKCHAIN STUIDES ACROSS CCA 

FUNCTIONS 

This section classifies and describes the outcomes of the 

resulting 21 studies according to the CCA functions 

identified in Table 1. A brief description of the challenges 

associated with each of these functions is introduced. 

Then, the outcomes of the included relevant blockchain 

studies are described. If no direct application/study could 

be mapped to a given CCA function, other relevant studies 

are referred to. Finally, the applicability of the studies is 

discussed as appropriate under each function. 

Classifying blockchain applications across 

coordination-oriented functions 

Document and record management 

Construction projects are widely recognized to suffer 

from the unstructured nature of and unavailability of 

documents and records. Four blockchain-related studies 

addressed this issue. Ciotta et al. (2021) developed a 

proof-of-concept (PoC) for structural system-related 

documents of building projects stored across multiple 

fragmented stakeholders to prevent the exchange of 

incorrect file versions. Erri Pradeep et al. (2021) 

developed and evaluated a prototype to facilitate 

traceability of design information exchange concerning 

request for information (RFI)-related documents and 

defect-related responsibility. To overcome the challenge 

of blockchain’s limited capacity to store large files, Tao 

et al. (2021) integrated blockchain with the Interplanetary 

File System (IPFS). Das et al. (2022) demonstrated a 

blockchain-based decentralized document management 

prototype was able to prevent alterability, accessibility 

denial, and incorrect revision history of documents. 

From these studies, it can be inferred that blockchain 

could improve this CCA function both during and post 

construction. For example, blockchain addresses the issue 

of separate documents (e.g., emails, minutes of meetings, 

confirmation of verbal instructions) involved to conclude 

a response to an RFI and its subsequent execution. It also 

reliably facilitates information retrieval and document 

relocation without the need for reverification.  

Communication and relationship management 

Communication breakdown and poor working 

relationship management are widely recognized as 

problems in construction (Jelodar et al., 2016). Two 

studies demonstrated blockchain-based systems’ ability to 

address this problem. Yang et al. (2020) employed a 

permissioned blockchain in a cladding material approval 

process for a building project. Their study demonstrated 

transparent communications among stakeholders as a 

result of immutable and accessible records to all 

stakeholders. Lee et al. (2021) reported enhanced 

efficiency of communicating decisions for essential 

actions among dispersed project participants.  

Both studies reveal that blockchain-based platforms 

streamline stakeholder management and remove 

communication barriers at both inter-organizational and 

project levels. Blockchain-enabled smart contracts 

receive, verify, update, and record information in the form 

of immutable and transparent transactions. In turn, the 

recorded transactions are directly and automatically 

communicated to all stakeholders registered on the 

blockchain network according to pre-defined 

communication protocols. 

Gaps in coordination-oriented functions  

There were no papers identified for team management nor 

contract closeout management. Team management is an 

essential function of successful CCA to, for example, 

assign accountability and define roles and 

responsibilities; blockchain-based systems are believed to 

address both (Hunhevicz and Hall, 2020). 

At the closeout phase, contracting parties perform a series 

of tasks to ensure that the project has achieved its intended 

purpose (e.g., the contractor carries out tests upon 

completion; the employer’s personnel inspect the 

completed works to prepare for takeover). The associated 

contractual and practical tasks involve a high volume of 

documentation concurrent with coordination with key 

staff decoupled from the project. Implementing a 

blockchain-governed CCA would arguably contribute to 

a more successful contract closeout.  

Classifying blockchain applications across control-

enabled functions 

Financial management 

This CCA function serves and performs the contractual 

payment-related provisions dealing with the respective 

rights and obligations of both parties (Abdul-Malak et al., 

2019). However, both parties often tend to misinterpret, 

misapply, deliberately neglect, or refuse to operate 

associated mechanisms and provisions to improve their 

financial position (Peters et al., 2019). Despite the 

availability of legal frameworks to enforce and manage 
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payments in construction, the issue persists (Hamledari 

and Fischer 2021a; Motawa and Kaka, 2009). Eight 

studies were identified proposing blockchain-based 

solutions with the aim of improving financial 

management and securing timely payment to contractors 

and the supply chain.  

Das et al. (2020) argued that a blockchain-based 

framework could facilitate an interim payment cycle and 

secure timely payment. Ahmadisheykhsarmast and 

Sonmez (2020) evaluated a smart contract-based system 

to automatically transfer booked cryptocurrency from the 

employer’s wallet to the contractor and subcontractors’ 

wallets according to agreed terms. Their evaluation, based 

on practitioners’ perceptions, revealed that current 

concerns about delayed payment may decrease but 

employer’s direct payment to subcontractors may result in 

a loss of control over the supply chain.  These perceptions 

align with findings reported by Tezel et al. (2021) who 

translated the payment mechanism governed by a Project 

Bank Account arrangement into a blockchain prototype 

and assessed its viability by a focus group that suggested 

employing BIM.  

In line with this suggestion, BIM has been proposed to 

provide progress data of installed construction elements 

to the blockchain network by triggering smart contract-

based payments to subcontractors (Chong and 

Diamantopoulos, 2020). The effectiveness of integrating 

blockchain with BIM was further demonstrated in real-

life project-based research studies undertaken by 

Hamledari and Fischer (2021a; 2021b). In the same vein 

of integrating BIM as a digital oracle to feed the 

blockchain network with data for payment purposes, 

Sigalov et al. (2021) demonstrated a semi-automated 

model processed by connecting BIM containers with 

blockchain-based smart contracts for payment from 

employers to contractors.  Unlike earlier-described 

studies that disregarded procurement routes, Elghaish et 

al. (2020) developed a permissioned blockchain-based 

financial framework specifically for construction projects 

procured through integrated project delivery (IPD).  

The approaches reported here are believed to 

revolutionize current payment practices in the 

construction industry and improve the financial 

management function of CCA. For example, negligence 

to process and certify a subcontractor’s payment will 

likely be visible since the blockchain system provides 

transparent and accessible information concerning 

responsiveness.  

Performance monitoring and reporting management 

Performing this CCA function efficiently and effectively 

is challenging when it is conducted manually, but digital 

technologies overcome this challenge (Elghaish and 

Abrishami, 2020). Although BIM-based project 

performance monitoring tools have been introduced to the 

industry, their fully intended benefits with regard to this 

CCA function have remained unrealized (Hamledari et 

al., 2017). This is due to reluctance to share information 

and frequent discrepancies of chronological records. 

Three blockchain-based studies considered how to tackle 

these issues. 

A blockchain-based information model demonstrated an 

accessible and a traceable comparison between planned 

and actual progress of precast operations and delivery 

(Wang et al., 2020). As a response to both resistance to 

information sharing due to data privacy and inefficient 

performance reporting for off-site modular housing 

production, Li et al. (2021) developed a Two-layer 

Adaptive Blockchain-based Supervision (TABS) model 

using on-chain and off-chain networks. The model 

allowed each stakeholder to access traceable and 

immutable records relevant to monitoring and reporting 

while data irrelevant to the project were kept unshared.  A 

recent study leveraged the potential of blockchain-based 

smart contracts to serve this CCA function post-

construction (Hunhevicz et al., 2022). Accordingly, a use 

case was employed to a performance-based procured 

building project to monitor the thermal performance 

levels stipulated in the contract.  

The above studies could be extended to perform this CCA 

function by leveraging blockchain capabilities for on-site 

construction activities, thereby eliminating the need to 

wait for the monthly progress reports to detect a 

performance-related problem.  

Quality and acceptance management 

To prevent or lessen the severity of defects due to 

substandard execution of work, contracts place 

obligations on contractors to conform with contract 

specifications. If a nonconformance occurs, contracts give 

rights to employers to reject completed work and issue a 

nonconformance report (NCR). However, recording and 

documentation of quality-related issues have been 

consistently reported as a problem on construction 

projects  (Love et al., 2018). Two studies were identified 

that could improve this function. 

Wu et al. (2021) presented a blockchain-based conceptual 

framework to secure and automate quality inspection 

records respectively through the immutability of 

blockchain and its smart contracts. In contrast, Sheng et 

al. (2020) deployed a prototype for a project quality 

management information system for the inspection of a 

cast-in-situ bored pile on a real-world project. The 

validation of the prototype demonstrated blockchain 

tackled fragmentation inherent in the information flow of 

quality acceptance and associated NCRs.  

Both studies provide initial evidence to demonstrate that 

blockchain could be applied in construction projects to 

enhance the quality management function of CCA. 

Project governance and start-up 

During the project initiation phase, this function legally 

connects a given construction project with its ecosystem. 

For example, this connection is achieved through 

obtaining building permits prior to executing the contract 

plans on site. Nawari and Ravindran (2019b) proposed a 

blockchain-based conceptual framework for building 

permit application from local authorities. Such 

frameworks are believed to accelerate administrative 
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processes on new projects while providing timely 

notifications of necessary technical requirements 

demanded by relevant authorities.  

Gaps in control-enabled functions 

While no studies related to changes and changes control 

management were identified within the scope of this 

review study, it is important for both the employer and the 

contractor to control changes so they have minimal 

impacts on cost, time and quality of the project (Love et 

al., 2019). A blockchain-based system can streamline the 

process of a contractual change procedure which 

generally describes the mechanisms to manage changes. 

Since changes and accepted change orders rely on 

documents and communication, it can be argued that the 

studies identified earlier under these respective functions 

can be indirectly mapped to this CCA function. 

Classifying blockchain applications to adaptation-

based functions 

Claims and disputes resolution management 

As a given claim arises and evolves, the biggest associated 

challenge facing contracting parties is reported to be 

ineffective construction claim management (Abdul-

Malak and Abdulhai, 2017). Therefore, a system that 

addresses this challenge is a dire need in construction 

contracts. Only one recent study has considered 

blockchain in the context of the claim management and 

resolution of disputes. 

Saygili et al. (2022) offered a blockchain system as an 

alternative method for managing payment-related dispute 

resolution process transparently. This construction-

specific system was reported to facilitate the assessment 

of dispute cases by people who understand construction 

workflow. 

Blockchain-enabled claim and dispute management can 

support contracting parties in various ways. For instance, 

contemporary records required to substantiate a claim can 

be chronologically and immutably recorded on a 

blockchain-platform. Furthermore, the traceability feature 

of blockchain technology can assist forensic schedule 

delay analysis to a great extent. As a result, quantification 

of an extension of time claim can be achieved within a 

shorter period compared to the current conventional 

manual process. At the extreme level, the recorded 

documents and chain of evidence can serve dispute 

resolution boards and expert witnesses without the need 

to re-verify the dispute-related documents.  

Contract risk management 

Risks are identified and allocated between the employer 

and the contractor via the conditions of contract agreed 

upon between parties. This identification and allocation 

lays the foundation for an appropriate response as soon as 

a given risk materializes during the contract period 

(Fawzy et al., 2018). This CCA function can be indirectly 

mapped to other studies reviewed under communication 

and relationship management and document and record 

management functions and, therefore, it can leverage the 

same reported benefits offered by blockchain.  

DISCUSSION 

This study aimed to answer the following research 

question: How can the state-of-the-art of blockchain-

based applications be leveraged to improve construction 

contract administration? A classification of the state-of-

the-art of blockchain applications according to the CCA 

functions was created using a narrow SLR approach. The 

review revealed that only seven of the 11 project-related 

CCA functions (Table 1) have received attention in 

blockchain applications within the construction research 

domain.  

With a desired incremental progression toward a digitally-

based CCA centred on optimizing construction 

contractual mechanisms, enhancing contractual control 

and increasing CCA efficiency (McNamara and 

Sepasgozar, 2021), it is easy to observe how the unique 

characteristics of blockchain presented in the reviewed 

applications prevent or lessen the likelihood of the 

occurrence of ineffective CCA causes. Given that CCA 

functions synergistically intersect with one other to 

holistically serve effective CCA, a complete integration 

of these scattered reported applications will likely result 

in realizing a digitally-based CCA, the core of which is 

formed by blockchain technology. For instance, the 

studies described under the communication and 

relationship management and document and record 

management functions, can be indirectly linked to the 

claims and dispute management function, which received 

attention only in one recent study that concerned 

payment-related disputes.  Given the fact that this 

function operates by reliance on documented evidence 

and verified chronological records coupled with 

multilayer communication, a blockchain-based platform 

oriented towards claims and disputes resolution 

management is believed to improve this function. 

However, this is complicated by the fact that various 

claim types demand different documents and records in 

addition to multilayer communication among the actors 

involved.  

Given that blockchain is still in its exploration stage 

within the construction research domain, the valuable and 

insightful contributions presented in the reviewed studies 

will likely face challenges. The following offers seven 

common challenges viewed through a practical lens. 

First, ‘cash farming’ is a challenge that was disregarded 

in the line of research concerning blockchain-enabled 

payment studies. Kenley (1999) describes ‘cash farming’ 

as a cashflow management practice adopted by main 

contractors that enables them to utilize the supply chain’s 

money. This practice is made contractually binding by 

stipulating prolonged payment terms in signed 

agreements. Supply chain actors tend (willingly or 

unwillingly) to accept this practice to maintain their 

business relations with main contractors. As a result, main 

contractors are likely to resist employing alternative 

systems. This challenge could be partially overcome by 

adopting a payment methodology that balances the 

required working capital needs of all actors (Motawa and 

Kaka, 2009). 
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Second, malfunction of the blockchain system can result 

in adverse contractual consequences to all parties. For 

example, it may lead to delayed payment to the contractor 

and delayed retrieval of records required by the employer. 

A corrective measure might be to revert to the 

conventional paper-based processing mechanism on a 

temporary basis. However, how the actions completed 

through this temporary measure would be subsequently 

incorporated into the blockchain system after solving the 

digital malfunction remains an area to be explored.  

Third, the blockchain system and its smart contract 

lifecycle have been ignored in the reviewed studies given 

the embryonic nature of this research domain. The 

availability of records on the blockchain and the 

executability of smart contracts during defects liability 

periods seem to be a challenge. This challenge will likely 

be pronounced where off-chain and on-chain intersect. A 

future research direction to tackle this challenge is 

needed. 

Fourth, converting the logic of contractual provisions into 

a self-executing smart contract is likely to be the most 

pronounced challenge. Contractual provisions forming a 

specific mechanism are generally scattered across the 

contract documents. Such scattering can be found in the 

payment-related provisions stipulated in FIDIC contracts 

where provisions interact and complement each other. 

Thus, ensuring that the encoded smart contracts would 

produce the exact contractual outcomes over the whole 

payment cycle (from the advance payment to the final 

payment) is essential, but as yet, unresearched. 

Fifth, in the reviewed blockchain-based studies there was 

a notable disregard for common procurement routes and 

contractual frameworks. With the exception of the 

publication (Elghaish et al., 2020), no study identified or 

defined a procurement route and contractual framework. 

To overcome this challenge, exploration of how to align 

blockchain-based applications with existing procurement 

routes and standard forms of contracts is suggested. This 

can be achieved by considering the role played by 

contracts policymakers in the adoption of such innovative 

solutions in future research efforts. Such research 

direction is likely to increase the usability of blockchain 

applications in practice as construction projects are 

generally governed by conditions of contract (for 

example, FIDIC or NEC) that have been drafted and 

developed over time by contracts policymakers.  

Sixth, since a contractor is expected to execute the work 

items in line with employer’s requirements stipulated in 

contracts by allocating resources and taking performance-

related risks, the acceptance of implementing a 

blockchain-based platform needs to be obtained from this 

party. This is a challenge as blockchain is still in its 

exploration stage in the construction research domain. To 

accelerate acceptance of this party with a focus on 

subsequent adoption and implementation, contractors 

need to be consulted and involved in the development of 

such systems. Among the 21 reviewed studies, only two 

studies reported on evaluating the acceptance of 

practitioners, including contractors, on the developed 

blockchain-based prototypes (Ahmadisheykhsarmast and 

Sonmez, 2020; Tezel et al., 2021) while other studies 

evaluated the proposed prototypes in controlled 

environments. Thus, involving and valuing the 

contractors’ roles in future research efforts will likely 

overcome the acceptance challenge in the adoption stage. 

Seventh, the accessibility mechanism of blockchain-

based systems to dispute resolution boards (e.g., 

arbitration tribunals and courts) was overlooked in the 

proposed applications. Therefore, a blockchain protocol 

encompassing this coupled with the admissibility of the 

blockchain records without further verification needs to 

be unearthed in future research efforts.  

The above elaboration provides a narrowed yet new 

perspective on the likely challenges that may decelerate 

the adoption of blockchain-based CCA. These narrowed 

challenges resonate with the challenges identified from a 

broader perspective by (Hamledari and Fischer, 2021a; Li 

and Kassem, 2021; Tezel et al., 2021; Wu et al., 2021). 
 

CONCLUSIONS 

A systematic review was conducted to establish how the 

state-of-the-art of blockchain-based applications can be 

leveraged to improve construction contract 

administration. To achieve this, blockchain research 

studies were mapped across the multifunctional approach 

of CCA from a practice perspective. The review revealed 

most studies have been focused on the security of 

payment aspect of the financial management function of 

CCA while document and performance management 

functions, for example, received comparatively less 

attention. Various blockchain frameworks and PoC 

simulations have been developed that can prevent or 

lessen the occurrence of causes behind ineffective CCA 

through exploiting the blockchain unique characteristics 

of immutability, traceability, and smart contracts. Despite 

the significant efforts observed in the last two years, the 

full potential of blockchain technology for enabling 

digital CCA in construction projects is yet to be realized. 

Penetrating these classified research efforts while 

reflecting on practice resulted in the identification of 

future research directions to address several challenges. 
Of note is that protocols should be developed to include 

temporary corrective measures to respond to 

malfunctioning and define the smart contract lifecycle. 

This study carries implications for contracts policymakers 

(e.g., FIDIC Task Groups) and practitioners by raising 

awareness of the applicability of blockchain in addressing 

a specific issue arising from a given CCA function. In 

practical terms, the study provides an up-to-date reference 

point for enhancing knowledge of contracts policymakers 

and practitioners. 

Contribution to the academic body of knowledge was 

realized in two ways. First, classification of blockchain 

applications according to the multifunctional approach of 

CCA serves as a response to calls by McNamara and 

Sepasgozar (2021) to enable incremental progression 

towards a digital CCA. Second, it established a 

relationship between the scattered research efforts and the 
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CCA functions to demonstrate that causes of ineffective 

CCA can be addressed with the outcomes of these efforts. 

Given the initial evidence demonstrated by this review, it 

can be inferred that the way forward with blockchain-

enabled CCA can start with demonstrating blockchain 

capabilities to improve claim management and accelerate 

claim determination. The need to improve this function of 

CCA lies at the heart of both the employer and the 

contractor’s interests.  

Future research on blockchain-based CCA should be 

extended to address procurement routes (e.g., design-bid-

build, design-build). This study can serve as a point of 

departure for these future investigations.   

Finally, this study has highlighted that the roles played by 

policymakers of standard forms of contract and main 

contractors had been ignored in the reviewed blockchain-

based applications. It is therefore suggested to include 

perspectives of such parties in future research efforts. This 

would arguably drive adoption by helping to ensure 

balanced benefits for all actors involved in shaping the 

construction industry while improving the 

operationalization of procurement and contractual 

frameworks devised by policymakers. 
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Abstract 

The UK government published a guidance document 
in 2012 stipulating the use of project bank accounts 
(PBA) to promote fair and prompt payment practices 
in the construction industry. PBA utilises a project-
specific escrow bank account to provide greater cash 
flow auditability and mitigate cascading payments 
down the supply chain. However, PBA is bureaucratic 
to manage and costly to set up. This paper will 
investigate whether blockchain can be used as an 
alternative system for executing PBA payments. 

Introduction 
The construction industry has a longstanding bad 

reputation for managing project payments (Ali, 2006). 
Statistics from the UK’s leading retail payment 
authority suggest that 78% of small and medium 
enterprises are forced to wait 30 days or longer beyond 
agreed payment terms (Pay.UK, 2019a). Commercial 
solutions that have attempted to mitigate this include 
parent company guarantees, and collateral warranties 
(Cheng et al., 2010). However, these do not solve the 
problem because these guarantees/warranties take 
many months to process, and typically, when a payee 
makes a claim, it is because the liability is already 
several months overdue. Therefore, more immediate 
solutions are required to remedy the bureaucratic 
payment processing systems that are existent in 
throughout the construction industry. 

Data from the UK National Office of Statistics in 
2019 suggests that for every large company in the 
construction industry, there are an average of 1,000 
small and medium enterprises (SMEs) 
(Office_for_National_Statistics, 2019). This 
imbalance creates over-competition and forces 
subcontractors to accept unfair contractual conditions, 
such as high-risk work for less pay, and tolerance for 
late payments (Gruneberg and Ive, 2000). Solving the 
payment problem would increase the stability of the 
construction industry by improving cash flow 
management, resulting in reduced project risk 
(Kenley, 2003). 

Software systems in the construction industry do 
not interoperate effectively; for example, project 
payments that have been approved for processing 
cannot directly trigger a payment execution with the 
banks’ software system. This leads to more stages of 

data management in an industry that is already overly 
bureaucratic. However, automating payments alone 
will not solve the payment problem. A greater problem 
exists in construction contracts and inefficient 
management structures. In construction projects, the 
client is not penalised for overdue payments to the 
main contractor, and there is a lack of auditability with 
how the main contractor manages cash flow, whereby, 
they strategically withhold payments to subcontractors 
to increase cash flow stability, at the cost of financial 
instability to the subcontractors. PBA mitigates the 
main contractor from unfairly withholding payments, 
however, it also creates an additional management 
task, and banks charge high fees for permitting the use 
of PBA. Additionally, not all banks provide the 
service.  

The first documented use of a PBA in a 
construction project was in 2005, through a joint 
venture between the UK Ministry of Defense (MOD) 
and a UK main contractor. The PBA was created to 
increase the auditability of government funds 
throughout the entire project (NationalAuditOffice, 
2005). However, it took until 2012 for the UK 
government to capitalise on its benefits and promote 
its use in projects, through the publishing of an official 
guidance document on its implementation 
(CabinetOffice, 2012a). It instructs the partitioning of 
the project account away from the main contractor to 
mitigate against the unfair withholding of liabilities, 
and alleviates payments from having to cascade down 
the supply chain; furthermore, it protects 
subcontractors and suppliers against the risk of the 
main contractor becoming insolvent (CabinetOffice, 
2012b). 

Research question 

The research question of this paper is: What is the 
potential for the PBA to be hosted on the blockchain? 
What systems will it incorporate? And how will 
project participants interact with it?  
In response to the 3-part question research question, 
this paper presents a conceptual framework that 
amalgamates blockchain with PBA to automate the 
processing of supply chain payments, without using 
the bank as the intermediary to host the PBA. In the 
proposed framework, the PBA account is represented 
by a smart contract that controls the release of funds 
from the client to the supply chain upon signed 
approvals from validating authorities. These signed 
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approvals are in the form of cryptographic signatures 
that are signed with the account address of authorised 
parties (E.g., project manager, and client). This article 
discusses at high-level, the process flows of the PBA 
blockchain framework and the responsibilities of each 
transacting party in the system. The discussions 
chapter will outline the benefits and limitations of the 
proposal, and whether its contribution brings value to 
the construction industry. 

Background 
One of the earliest publications on the detrimental 

effects of late payments in the construction industry 
was the 1964 Banwell report (Banwell, 1964). The 
industry is known for having a lack of trust caused by 
poor procurement, cash flow, and collaboration (Tai et 
al., 2016). As a result, clients are hesitant to take on 
new work because of undisclosed risks and tight 
margins (McDermott et al., 2005). This results in 
projects being selected based on cost instead of long-
term value.  

The construction industry is a big contributor to 
global GDP (Gross Domestic Product); however, it has 
the potential to increase its contribution through 
revising outdated processes, such as bureaucratic 
management structures, and updating legacy 
technology systems (Wu et al., 2008). Innovation 
remains a perpetuating problem despite efforts in 
digitalization, such as the lack of widespread adoption 
of BIM (Xu, 2019). Project participants in the 
construction industry transact and communicate 
through fragmented systems that do not integrate 
effectively (Safa et al., 2019). These systems suffer 
from a lack of transparency and traceability, which 
limits the ability to accurately log and report data (Safa 
et al., 2019). Despite this, the industry is pushing 
towards greater standardization to increase 
productivity through bodies such as the International 
Standard Organisation (ISO), Industry Foundation 
Class (IFC) by buildingSMART, and governmental 
mandates for BIM (Hargaden et al., 2019). 

The construction industry is dominated by a small 
selection of main contractors who provide work for 
many SMEs (small and medium enterprises). This 
causes over-competition and provides main 
contractors with unfair controlling authority over the 
supply chain (Cui et al., 2010). SMEs are forced to 
accept unfair contractual conditions with 
overextended payment terms due to the hierarchical 
nature of the industry; whereby, contractors exercise 
cash farming techniques and pay when paid clauses 
(Kenley, 2003). Cash farming is a strategy 
implemented by contractors to improve internal cash 
flow at the cost of delayed payments to their supply 
chain; furthermore, it allows the project budget to be 
used for investing in new work rather than paying 
outstanding debts (Gyles et al., 1992). Despite the 
benefits of cash farming to contractors, it is the 

primary cause of SME insolvencies (Lowe and 
Moroke, 2010).  

Data from the Office of National Statistics suggest 
that the average quantity of individual insolvencies in 
the UK construction industry is recorded at 2,595 cases 
annually, accounting for 18% of the overall insolvent 
population in the UK, and the highest across all other 
industries (HM_Government, 2021). The danger of 
bad cash flow management is exemplified by the 
demise of Carillion, the second-largest construction 
company in the UK in 2017 (based on turnover); 
however, when it liquidated in 2018, it owed GBP 1.3 
billion worth of liabilities to SMEs (Thurley et al., 
2018). From 2009 to 2018, Carillion’s debt increased 
from  GBP 242 million to GBP 1.3 billion; 
furthermore, they imposed payment terms of 120 days 
to SMEs, which is four times the duration of what is 
typically agreed upon in construction contracts in the 
UK (Hajikazemi et al., 2020).  

Project bank account (PBA) 

The first recorded use of a project bank account 
(PBA) in a construction project was in 2005, through 
a joint venture between the UK armed forced client, 
Defense Estates, and a UK main contractor 
(NationalAuditOffice, 2005). The PBA was set up due 
to the adversarial nature of the construction industry, 
and the client having a trusting relationship with the 
subcontractors (NationalAuditOffice, 2005). The 
result was successful, with PBA managing all 
payments to subcontractors on time and within the 
agreed budget; furthermore, all expenditures were 
openly auditable throughout the entire construction 
process (NationalAuditOffice, 2005). 

  According to the "UK Office of Government 
Commerce report on PBA implementation, clients can 
save up to 2.5% on public sector projects 
(OfficeGovCommerceUK, 2007). PBA was trialled in 
the public sector between 2012 to 2015 and was used 
to manage over GBP 4 billion worth of work 
(CabinetOffice, 2012b). In 2013, the government of 
Northern Ireland, in conjunction with the Central 
Procurement Directorate, mandated the use of PBA in 
construction projects worth over GBP 1 million; 
similarly, in the same year, Wales mandated the use of 
PBA in projects worth over GBP 2 million (Hooks, 
2019). In a typical construction contract, main 
contractors customise contract clauses to protect 
themselves against legal disputes (Theodore, 2009). A 
barrier to SMEs requesting PBA in construction 
contracts is the fear of potential reprisal from 
contractors, such as exclusion from future work 
(Brand and Uher, 2010). In a questionnaire conducted 
by PhD researcher Rachel Griffiths and Wayne Lord 
from Loughborough University, on the topic of PBA 
adoption, consisting of a combination of 58 main and 
subcontractors, 42% voted fear of reprisal as the 
principal factor preventing the adoption of PBA, 
followed by legal expenses (34%) and culture of 
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industry (25%) (Griffiths et al., 2017). Standard forms 
of contracts include various certifications, valuations, 
and compliance checks that require amending to suit 
the implementation of PBA (Griffiths et al., 2017). 
However, the UK governmental department, the 
Cabinet Office, asserted that PBA would not cause 
interference with contract valuations and certifications 
(CabinetOffice, 2012a). Removing the ability for main 
contractors to perform cash farming (through PBA) 
promotes responsible working practices 
(CabinetOffice, 2012a). Progress on the uptake of 
PBA in existing contracts such as NEC, JCT, and 
FIDIC has steadily increased; however, PBA is 
challenging to enforce across all built environment 
contracts due to the variety of project types and 
complexities of agreements in construction projects 
(Penzes, 2018). The PBA concept of ring-fencing the 
project account contributes to mitigating a long-
standing payment problem in construction, which 
includes cascading payments down the supply chain, 
late payments, and cash farming  (Ing, 2019).  

Blockchain includes the potential to integrate with 
PBA to automate the processing of supply chain 
payments through smart (automated) contracts (Li and 
Kassem, 2018b). Benefits include reduced 
administrative processing delays and increased 
transaction traceability (Wang et al., 2017). Payments 
can be automated through preprogrammed functions 
that control the execution of transactions; furthermore, 
these codified instructions can be audited by 
regulatory controls to ensure compliance with 
standards and project specifications (Cohn et al., 
2017). The inbuilt properties of the blockchain (such 
as immutability and traceability) make it a trusted 
medium for value transfer, and it provides reliable data 
for dispute resolutions (Shumsky, 2019). Data stored 
on the blockchain can integrate with enterprise 
systems through an application programming interface 
(API) that relays blockchain data to proprietary 
software systems (Shojaei, 2019). Blockchain operates 
using a shared technology protocol layer that allows 
diverse types of applications and systems to integrate 
efficiently, reducing reliance on intermediary 
technology systems (Higginson et al., 2019). 

Methodology 
Existing UK government payment charters were 

investigated to assess whether blockchain could 
provide value through data trust, automation, and 
transparency, which are some of the key benefits of 
blockchain. These included reviewing the “revised 
prompt payment code”, published in 2021, which 
enforces that overdue payments cannot exceed 30 days 
(CICM, 2008); the 2013 “revised late payments of 
commercial debts regulations”, which allows payees to 
charge 8.5% statutory interest on invoices that have 
been left unpaid for 30 days (CICM, 2008); the 
“supply chain finance scheme”, established in 2012, 
which allows small and medium enterprises to obtain 

finance at lower interest rates, provided that they 
provide signed proof of approved invoices (GovUK, 
2012); and finally, the PBA guidance document, 
published in 2012, which stipulates the use of an 
escrow bank account for managing project funds 
(CabinetOffice, 2012b). Of these, PBA was identified 
as the most suitable to benefit from blockchain. 
Additionally, (Li et al., 2019) conducted a focus group 
interview of experts in the construction industry, on 
the topic of PBA with blockchain, and the results 
showed that blockchain would reduce cost, increase 
payment speed, and improve reliability. 

Conceptual framework 
A simulated video walkthrough of the proposed 

application is available on: 
https://www.youtube.com/watch?v=mwAAAhnowxQ. 
The application is also available for testing on: 
https://console.atra.io/app/bf26f846-7f16-4f80-90a0-
c5488ab6edd3/0. 

The numerical annotations, shown below, are to 
be read in conjunction with the Figure 1 diagram that 
is displayed on the following page. It illustrates the 
actions of each participant and system in the 
framework. The simulation was developed on the Atra 
blockchain platform, which allows users with no 
coding experience to deploy and test applications, 
through templates that are predefined on the site. 

1. Client: The client would be responsible for 
approving the project budget through a PBA 
blockchain application user interface. The user 
interface would allow them to execute blockchain 
transactions from their digital wallet. Furthermore, it 
allows the client to appoint a project validator (such as 
a project manager), whose role includes validating the 
supply chain’s completion of works and appointing 
new project participants. 

2. Project bank account (PBA) payment 
application: The PBA blockchain application allows 
participants to conduct transactions, approve 
completion of works, and assign project participants. 
This occurs through the interoperability of a 
decentralised database, blockchain, and user interface. 

3. On/Off-chain database: Data such as signed 
messages can be stored either on-chain in a smart 
contract, or off-chain in a decentralised database (Bai 
et al., 2019). For simplicity, the off-chain variant, the 
decentralised database, will be used hereinafter. 

4. Blockchain: The blockchain would 
autonomously receive signed messages from the off-
chain database when a transaction is required for 
execution. The data input field of on-chain 
transactions can be used to store validation signatures, 
or IPFS hash links, which can be used to store project 
data (Davies et al., 2020). The data stored on the 
blockchain can integrate with enterprise systems 
through an application programming interface (API) 
that relays blockchain data to proprietary systems 
(Tempesta, 2019). 
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5. Client’s tokenized collateral: Although 
tokenizing assets through blockchain is a new concept, 
it provides the client with the ability to tokenize assets 
on a blockchain platform to provide collateral against 
non-payments. In response, a bank can provide the 
client with finance in exchange for tokenized 
securities, whereby, if a non-payment event is 
triggered, then the bank would maintain hold of the 
client’s tokenized securities until the overdue balance 
is paid. Major banks such as HSBC, JP Morgan, Bank 
of China, China Construction Bank, and Santander 
have been tokenizing billions of USD worth of 
blockchain-based securities since 2019 
(Security_Token_Advisors, 2020). Alternatively, 
decentralised finance (DeFi) is another nascent 
blockchain-based service that emerged in 2020, 
introducing collateralized peer-to-peer 
borrowing/lending through a decentralised network 
(Mitra, 2019). However, due to the nascency of 
blockchain, DeFi currently lacks regulatory maturity, 
thus it is difficult to integrate into the current 
environment. Therefore, any blockchain-based 
payment guarantees are likely to arise from the 
integration of existing banking systems with 
blockchain. 

6. Asset-based lending: Asset-based lending is an 
existing service offered by banks to provide 
compensation to the client in the event of non-delivery 
from the contractor, similarly, contractors also obtain 
payment guarantees to insure against non-payment 
from their client (Chovancova et al., 2019). Both 
compensation events are implemented in construction 
contracts to hedge against risk, however, banks charge 
high fees for providing it (Maritz, 2011). Stock 
Exchange Group, IBM, and Borsa Italiana are 
collaborating to develop an asset exchange platform 
hosted on the blockchain, allowing enterprises to 
tokenize securities without having to use the services 
of a bank (Biedrzycki, 2019). 

7. Payment guarantee: A payment guarantee is 
an administratively time-consuming activity to 

process when a payout is required, as it requires the 
bank to refamiliarize itself with agreements that were 
signed many months in advance (Chovancova et al., 
2019). This delay can be mitigated through the bank 
creating a smart contract that automates the payout. 
The signed cryptographic messages that instruct the 
execution of funds can be stored either on-chain in a 
smart contract, or off-chain in a decentralised 
database. 

8. Main contractor: Through PBA, the main 
contractor is relieved of their responsibility as the sole 
proprietor of the project budget. Their main 
responsibility in the proposed framework is to insert 
and manage activities that are stored in the off-chain 
database. A user interface would allow participants to 
interact with the blockchain to approve/validate works. 
Successful validations permit the flow of transactions 
from the off-chain database to the blockchain. 

9. Subcontractors:  Once subcontractors register 
completion of works through the PBA application, this 
autonomously notifies validators of their 
responsibility to approve works. To protect against 
negligence from validating parties, an automated 
reward/penalty system can be embedded into the 
application to stimulate user activity, such as the main 
contractor updating the project schedule, and the 
project manager approving completed works.   

Discussion 
When the client approves the project budget 

through a signed cryptographic message that is 
instantiated through the PBA application, this can be 
used as part of a promissory note that guarantees 
financial certainty to the supply chain. It is envisaged 
that the client’s signed message could integrate as part 
of a formal digital document to provide legal 
certification of good payment practices. 

The proposed framework imposes automated 
finance to the client based on their unpaid liabilities; 
however, clients are likely to dispute this, as they are 
not typically penalised for late payments. To combat 

Figure 1. Project bank account (PBA) blockchain framework. 

Page 28 of 605



 
 

this, interest obtained through late payments could be 
included as part of the project budget, and reimbursed 
to the client upon project handover, like retentions. 
Incentives for the client to use the PBA blockchain 
application include the ability to provide payment 
guarantees, accounting automation, and immutable 
provenance of events. 

Some of the risks associated with blockchain 
include incorrectly written code and malicious hacks. 
If project funds are stolen or misplaced, it is extremely 
difficult to retrieve due to the decentralised nature of 
blockchain. Furthermore, insurance against 
blockchain-related cybersecurity attacks is difficult to 
attain due to the nascency of the technology.  

Due to the volatility of cryptocurrencies, 
payments would need to be conducted through 
stablecoins or central bank digital currencies (CBDC). 
CBDCs are blockchain-based reproductions of a 
national currency, issued and managed by the 
government. However, it is currently in the testing 
stage, with China being the first to conduct a large-
scale pilot in 2021 (Becky, 2021). The Bank of 
England and HM Treasury created the CBDC 
Taskforce in 2021 to further explore its viability as 
legal tender (BankOfEngland, 2021). Stablecoins are 
like CBDCs in that they are cryptocurrencies pegged 
at a one-to-one ratio with a national currency, such as 
the US dollar or Euro, however, they are not minted or 
controlled by a central bank (Calle and Zalles, 2019). 
Commercial adoption of blockchain is dependent on 
CBDCs or stablecoins being fully regulated and 
accepted as legal tender for it to be integrated with 
existing financial infrastructure. 

Decentralised applications that are built on a 
blockchain platform benefit from high 
interoperability. However, most proprietary systems, 
such as the software used in the construction industry, 
are built using a centralised system architecture; 
therefore, application programming interfaces (APIs) 
would be required to interconnect the technologies, 
which requires investments in developing and testing 
blockchain-based solutions. Furthermore, any new 
technology includes risks that are extremely difficult 
to mitigate, due to their nascency, thus adding 
additional risk to an already risk-averse industry. 

Conclusion 
Between 2012 to 2021, four UK government 

payment charters were published to address the 
payment problem in construction. From these, the 
project bank account (PBA) strategy was identified as 
an area that could benefit through the integration of 
blockchain. Despite its nascency, blockchain is rapidly 
evolving and changing the outlook of how businesses, 
people, and services operate. In a report discussing the 
impact of blockchain, it was identified as potentially 
transforming 58 industries globally, including the 
construction industry (CB_Insights, 2021). The values 
of PBA and blockchain harmonise across several key 

attributes such as transparency, auditability, and 
disintermediation. The PBA blockchain framework 
provides insight into the applicability of blockchain 
with PBA to reduce late payments and increase data 
trust. However, the main barriers to its adoption are a 
lack of regulatory maturity and lack of interoperability 
with existing proprietary systems. 

Further work includes testing the proposed 
framework through a proof of concept to address its 
technical limitations and feasibility. Additionally, 
interviews with industry practitioners knowledgeable 
in PBA would provide constructive criticism on the 
integration potential of blockchain with PBA. 
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Abstract 
The paper provides a theoretical framework that aims at 
improving BIM validation by automating the verification 
of information quality and consistency and integrating 
blockchain-based smart contracts to track the process and 
shorten the appointment completion. Despite information 
management using BIM is currently leading the 
digitalisation in construction, especially in the design 
phase, misunderstandings about requirements, non-
compliant information and late deliveries were detected. 
For these reasons, the proposed framework integrates 
innovative technologies and points out their potential 
impact on automatic information validation, reduction of 
late deliveries and overdue payments. Though the 
framework is not yet fully tested, potential outcomes are 
discussed. 

Introduction 
As the construction sector is among those with the lowest 
level of productivity, according to the McKinsey Global 
Institute, new ways are needed to positively revolutionise 
its traditional trend (McKinsey & Company, 2020). 
Digital technologies and advanced automation are shown 
as factors that, if properly adopted and applied, can 
optimise the procedures and improve the efficiency of the 
construction sector (Institute, 2017). In the current digital 
transformation, the advent of information management 
using Building Information Modelling (BIM) drives 
structured and shared information production, delivery, 
verification, validation and storage through the use of 
common data environment (CDE) solutions (BSI 
Standards Publication, 2018a). Despite the expectations, 
the adoption of BIM has shown complications associated 
with the management of an extensive digital information 
flow. Due to a large amount of produced and exchanged 
information, monitoring and verification became 
significant time consuming and error-prone. 
Consequently, some main issues related to the 
provenance, reliability, accuracy and cybersecurity of 
exchanged information were detected (European 
Construction Sector Observatory, 2019a, 2021). 
Misunderstandings in the information requirements or 
produced information can cause delays, reworks and 
unforeseen costs (Nawari and Ravindran, 2019a; Tezel et 

al., 2019). Expecting to deal with these critical points, the 
recent literature review related to the construction 
industry has identified blockchain technology as a 
stimulating area of research (Hunhevicz and Hall, 2019; 
Li and Kassem, 2021; Scott et al., 2021). Among the 
features of the technology, smart contracts have been 
identified as advantageous tools for boosting and 
supporting transparent process tracking and automation 
(Dakhli et al., 2019). The research into these innovative 
technologies is in line with the positive revolution of the 
sector. In particular, along with the need to disseminate 
new digital technologies, the rethinking of design 
processes represents another fundamental factor for 
positively influencing the performance of the sector, 
moving away from the traditional criticalities. 
Considering these topics, the paper proposes a framework 
that integrates the automatic BIM validation and 
blockchain-based smart contracts for shortening the 
execution of the design phase, assuring the information 
quality and consistency and securing the reward to the 
parties involved. 

Research methodology 
Despite the hurdles, information management using BIM 
is currently the most suitable solution for structured 
production, validation and management of information. 
Thus, blockchain can be a possible response to the issue 
of information trust and automation in the construction 
process (Nawari and Ravindran, 2019b; Rodrigues et al., 
2018). In this paper, information management using BIM, 
especially the information verification and validation, and 
blockchain, especially blockchain-based smart contracts 
for notarising information and automatically withdrawing 
payment, are integrated during the design phase for 
proposing an innovative approach to the traditional and 
manual verification and validation process. 

The paper is organised according to the following 
sections. The first section justifies the proposed 
framework by identifying the critical background in 
which it is contextualised and then highlighting the 
benefits that can be achieved over traditional approaches. 
The second section provides the state of the art of both the 
information validation using BIM and the potential 
blockchain adoption during the design phase. The third 
section illustrates the framework of the research, 
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proposing the integration of the automatic BIM validation 
and smart contracts. Then, since the proposed framework 
remains at a theoretical level, the main expected outcomes 
are discussed. Finally, the main value of the research and 
the future developments are disclosed. 

Background and value of the research 
The ambition to propose a framework that combines the 
automatic BIM validation and smart contracts to shorten 
the execution of the design phase by automating and 
assuring some procedures is sustained by the analysis of 
some European and Italian reports. These reports still 
show major problems which, despite the progressive 
adoption of BIM, are present. Firstly, late payments and 
long payment terms represent a challenge for the entire 
European economy, where the construction sector appears 
to suffer the most from late payments (European 
Construction Sector Observatory, 2020). Focusing on 
Italy, a country-specific analysis reveals that public 
authorities in the industry tend to have longer than 
average payment terms, consequently affecting the 
liquidity of professionals and companies (European 
Construction Sector Observatory, 2019b). The delays of 
payments come alongside the second main issue, namely 
late deliveries. Always in Italy, the “Report on the 
implementation time of public works” (Agenzia per la 
Coesione Territoriale, 2018) highlights the long execution 
periods required to carry out the process. Specifically, the 
report highlights the incidence of “waiting times”, i.e. the 
time interval between the end of one phase and the 
beginning of the following, on the total duration of each 
phase. In the report, the design phase turns out to be 
specifically affected by long waiting times, which 
negatively move its total duration. 

The background confirms the valuable scope of 
experimentation of the framework in the design phase. 
The research question that triggered the development of 
the framework is: how digital methodologies and 
disruptive technologies could shorten the validation of the 
design phase and ensure its proper implementation. The 
framework  provides a theoretical response to the research 
question by aiming at: 

• improving the transparency of communication 
between client and design team, tracking the 
process and information exchange; 

• ensuring the automatic and exhaustive 
verification of the quality and consistency of 
information; 

• reducing the delivery time of the appointment, 
through automatic and effective design 
validation; 

• ensuring incentives to the parties, through the 
automation of the payment withdrawal and 
delivery of tokens. 

The innovation of the framework lies in the possibility to 
shorten the design phase execution by automating and 
notarising the information validation and connecting the 

approval procedure to payment and tokens release. The 
framework offers a novel point of view for the adoption 
of blockchain in the design phase which makes it possible 
to move away from the traditional approach by 
minimising validation errors or misunderstandings due to 
human intervention, limiting the occurrence of disputes 
through transparent information tracking and 
incentivising the parties involved with secure rewards and 
recognition. 

State of the art 
To support the framework of the research, the key aspects 
of information validation using BIM, from the definition 
of information requirements to information validation, are 
in principle described. Then, a literature review of the 
current investigations about the adoption of blockchain in 
the design phase is presented. 
Key principles of information validation using BIM 
The progressive digital transformation of information 
management is driving a revolution in the procedures 
during the overall construction process. In particular, 
BIM, as an approach based on information management, 
can be considered the driver of digital transformation 
(Smith and Tardiff, 2009). This process covers the 
activities of defining information requirements and the 
production, delivery, verification and validation of 
information. Within such a process, each involved 
participant is responsible for certain information 
management functions to be fulfilled. According to ISO 
19650 (BSI Standards Publication, 2018b), to achieve 
successful information management using BIM, each 
involved actor must fulfil three main tasks. The first is the 
clear definition of information requirements and 
specifications for their production, validation and 
delivery. The second is the proper production of the 
quantity and quality of the required information, and the 
third is the efficient and effective exchange of information 
among the involved parties. Each information produced 
must be verified and validated to double-check the 
compliance with the information requirements and, 
consequently, accepted or rejected. In this context, 
according to ISO 19650, the client becomes the key 
person in charge of defining the information requirements 
and verifying the information delivered for each phase of 
the asset life cycle. Based on the standards, the client both 
defines the information requirements within specific BIM 
guidance and plans the verification of the information 
produced according to the requirements. Continuous 
monitoring of the progress and compliance with 
information requirements become therefore fundamental 
within the digital transformation of the sector. 
Digitalisation has indeed increased the amount of 
information to be produced and verified, with the risk that 
these activities become error-prone and time-consuming. 
For these reasons, tools for automatic validation have 
been created to facilitate the control of information within 
the BIM process (Ciribini et al., 2015). Among these 
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tools, in addition to those for clashes and regulatory 
verifications, some enable an exhaustive verification and 
validation of the quality and consistency of the 
information contained in the BIM models following the 
client’s requirements. The configuration of these tools 
facilitates and ensures accurate verification and validation 
of the delivered information. 

Despite the efforts to digitalise processes, and BIM 
standards and guidance promoted by governments, 
efficient information management is still hampered by the 
fragmented nature of the industry, the lack of qualified 
personnel and the difficulty in tracking and maintaining 
the reliability, quality and intellectual property of 
information (European Construction Sector Observatory, 
2021). For these reasons, alongside the tools for automatic 
BIM validation, the research proposes the adoption of 
blockchain technology to ensure reliable tracking of 
essential information, boost automation of appointment 
completion and incentivise involved parties in the 
efficient execution of the appointment. 
Literature review of blockchain in the design phase 
Among the existing disruptive technologies, blockchain 
can currently be considered as the main one qualifying the 
digital transformation currently explored by the most 
advanced world economies (Tapscott, 2017). Belonging 
to the Distributed Ledger Technologies (DLTs), 
blockchain is defined as a trustless technology, that 
ensures an extraordinary degree of trustworthiness, 
integrity and immutability (Foschini et al., 2020) and that 
allows parties to unlock transactions using a distributed 
peer-to-peer network, without the control of a trusted third 
party (Baliga et al., 2018; Wust and Gervais, 2018). The 
level of transparency, accessibility and traceability of 
shared and stored information using the technology is 
defined and guaranteed by its architectural design. Among 
DLTs, blockchain offers unique features, including a 
considerable number of use cases and the possibility to 
implement smart contracts and tokens. As previously 
stated, smart contracts are an important topic of 
investigation and application in the presented research. 
Smart contracts, as programs developed on blockchain 
that execute when predetermined conditions are met, can 
help in shortening the completion of the appointment. 
Thanks to their nature, they allow the automated 
implementation of agreements based on the occurrence 
and fulfilment of pre-requisites, thus ensuring the 
outcome for the parties, without the action of a third party 
and time losses (Ahmadisheykhsarmast and Sonmez, 
2020; Das et al., 2020). Tokens are another key feature of 
blockchain considered in the research. Tokens are digital 
assets, based on a set of rules encoded in a smart contract,  
belonging to a specific user and stored securely on the 
blockchain. They can be fungible, namely, a 
representation that can be replaced by another identical, 
or non-fungible (NFT), namely a unique, irreplaceable 
and non-interchangeable representation of an asset (Lo 
and Medda, 2020). In the research framework, non-

fungible tokens are used to assign a singular digital asset, 
representing a unique rewarding feature, that can 
incentivise the performance of the appointed parties. 

Although the recent hype around blockchain has 
focused on the financial sector, the latest explorations of 
the technology have extended the interest to other sectors, 
including construction. To justify the integration of 
blockchain in the proposed framework, the current state 
of the scientific research on the chosen topic is explored 
and the existing application proposals are identified, 
through a literature review. As an innovative technology, 
blockchain is constantly evolving and consequently, its 
potential could significantly impact the construction 
industry (Ablyazov and Petrov, 2019; San et al., 2019), 
supporting multiple activities across the entire asset life 
cycle (Hughes, 2017). The literature review carried out 
supports in-depth research of what has already been 
studied, highlighting information management using as a 
relevant area of integration and testing of blockchain 
(Hunhevicz and Hall, 2019; Jaskula and Papadonikolaki, 
2021; Li and Kassem, 2021; Scott et al., 2021; Tezel et 
al., 2020). According to the existing literature, the 
production and management of information supported by 
blockchain could allow the recording of any activity, 
therefore controlling at any time the real progress of the 
phase and responsible parties (BSI Standards Publication, 
2018b). The integration of blockchain in the BIM process 
could give confidence and synchronisation to information 
exchanged, produced, validated and stored. The 
technology can indeed limit the occurrence of 
misunderstandings, thanks to its transparency, security 
and immutability of information. The technology can also 
guarantee the disbursement of payments and respect of the 
deliveries, through process automation using smart 
contracts. Thanks to these benefits, the proposed 
framework of the research lies among other emerging 
studies and experimentations related to the integration of 
information management based on BIM and blockchain 
in the design phase. Dounas et al. proposed a framework 
for decentralised architectural design that allows multiple 
participants to solve the design problems in both 
collaborative and competitive ways and, through 
blockchain integration, it can record all the design 
attempts, including failures, and all the positive steps 
toward design optimisation (Dounas et al., 2020). 
Schönhals et al. proposed an approach that makes it 
possible to protect developed ideas and early concepts 
even during their systematic development. It intends to 
protect intellectual property through the digital record of 
verbal, written or sketched, and even modelled or 
constructed outcomes during the innovation development 
in real-time (Schönhals et al., 2018). Another work is 
from Zheng et al. that proposed an application for mobile 
devices that allows users to check on their portable 
devices whether a BIM model is the latest version, 
whereby, a hash of the BIM model is stored on the 
blockchain that allows a search service to cross-check the 
hash of a downloaded model with the hash stored on the 
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chain. After that, the application will provide users with a 
verification receipt that declares the validity of the model 
(Zheng et al., 2019). Liu et al. presented a framework that 
supports the design of sustainable buildings integrating 
BIM and blockchain. This framework intends to address 
some potential challenges of BIM for sustainable design 
such as BIM implementation risk, intellectual property 
and cybersecurity, level of responsibilities and BIM 
contract (Liu et al., 2019). Lastly, Singh et al. proposed a 
framework where the design data generated from design 
development software are categorised and the data flow is 
encrypted by using blockchain to track and register the 
design commands and events in a secure, transparent, and 
collaborative platform (Singh and Ashuri, 2019). 

Framework of the research  
The proposed framework explores and shows how the 
integration between the automatic validation based on 
BIM and blockchain-based smart contracts could 
optimise, innovate and shorten the development of the 
design phase (Figure 1).  

To show the main process of the research framework, 
dynamics of interaction among the parties and use of 
innovative technologies, here below a step-by-step 
description of the process is provided. The acting parties 
are the client, the design team and the information model 
verifier, and each of them has specific responsibilities and 
tasks. The client, as the owner or for whom the project is 
carried out, must conduct all the activities to ensure that 
accurate information management is satisfied. Therefore, 
the client defines the project information requirements, 
protocols for information production, and delivery 
milestones and sets a common data environment (CDE) 
solution to support the production, exchange and 
archiving of models and information among the interested 
parties. The client has set out the desired information 
requirements in specific BIM guidance that is transmitted 
to the design team at the appointment. 

Once the appointment has been awarded, the 
appointed design team develops the BIM models, for one 
or more awarded project disciplines, containing all the 
information to meet the client’s requirements. In this way, 
the produced information will respond entirely to the 
requirements set out by the client, and therefore the design 
will be realised in a compliant and optimised way. 
Simultaneously with the development of the information 
models, the verifier, appointed by the client, similarly 
receives the BIM guidance.  

The verifier undertakes a detailed analysis of the 
information requirements to translate them from semantic 
language to machine-readable language through the 
configuration and adoption of suitable methods. Since the 
creation and management of a BIM project requires the 
production of a large amount of digital information, 
manual verifications are difficult to be performed 
objectively and exhaustively. For these reasons, to ensure 
that the information requirements are completely met, the 
verifier identifies and configures a proper tool that enables 

the automatic validation of the information content of 
BIM models according to the client’s requirements. Once 
the production of information is completed, the design 
team delivers the BIM models, produced for each project 
discipline, to the client. The delivered models are 
uniquely stored in the CDE, considered the off-chain 
database. 

The stored files in the CDE are moreover stored and 
linked with a blockchain network, using a distributed 
storage system, to keep track of each model delivery 
cycle. Due to the large size of the models, the distributed 
storage system creates for each delivered BIM model a 
cryptographic hash that is stored in the blockchain 
network through smart contracts. The hash added to the 
blockchain network enables the inspection of the mapped 
BIM model that is stored on the computer memory of the 
peer with the same name as the hash. This makes it 
possible to control access and changes to the BIM models 
in a uniform and secure way. When a new model is 
delivered, its hash and the hash of the already stored 
models are compared. This makes it possible to check 
transparently both if the same model has been delivered 
twice and if the model, claimed to have been revised, has 
not been modified. 

Following the delivery of the BIM models, the verifier 
uses the configured tool to automatically verify and 
validate their information content. For each verified 
model, so for each project discipline, the application 
independently produces a report containing the 
verification results. The created reports are stored in the 
CDE and, likely for the models, their hashes are recorded 
on the blockchain network hence the progress of the 
modelling process could be recorded and mapped 
transparently. In this environment, project verification 
and validation activities are managed evidently, 
improving the communication between the client and the 
design team. The automatic validation of the information 
speeds up and optimises the review and delivery process. 
The archiving of the results allows the client to assess 
compliance with the information requirements. The 
results of the report reveal the level of compliance of the 
produced information with the client’s requirements, the 
time when the verification was carried out, the design 
discipline, the responsible design team, the number of the 
verification cycle and all the individual errors detected, 
associated with their IDs.  

The level of compliance for which the delivered 
models are approved is defined by the client in the BIM 
guidance and communicated to the design team at the time 
of the appointment. The automatic validation of 
information included in the models takes place separately 
for each discipline, so for each model. If the automatic 
verification of information models produces a report with 
a result that is below the set level of compliance, the 
design team receives the report containing all the detected 
non-conformities and it must proceed with the changes 
and specified amendments. The design team must then 
subsequently make a new delivery. If, on the other hand, 
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the set level of compliance is met, i.e. information 
produced has met the client’s information requirements, 
the model is accepted and stored in the CDE, for the future 
steps toward construction and/or building operation and 
maintenance. 

Once the verification is completed, the results are 
recorded on an appropriate smart contract that is 
connected to the smart contract for the payment 
withdrawal. At the time of the appointment, the client and 
the design team have established the terms and conditions 
of payment approval upon its completion. These 

conditions impose the authorisation for the approval of 
payment withdrawal when the level of compliance of the 
delivered model lines up with the set level of compliance. 
To automate this approval process and link it directly to 
the results of the model verification, the payment 
conditions are translated into a smart contract. The smart 
contract for payment withdrawal is therefore configured 
to retrieve the information related to the verification 
results and compare it with the conditions for approving 
the payment. In the on-chain process, the verification 
results stored in the first smart contract can be fetched by 

Figure 1: High-level framework of the research 
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the smart contract for payment withdrawal that compares 
whether the level of compliance achieved is equal to or 
greater than the established level and initiates the 
transaction. The smart contract for payment withdrawal is 
linked with an escrow account, that holds and only 
disburses funds when the appointment is completed as 
expected, ensuring the payment to the design team. 

The pursued business logic makes the coded payment 
conditions self-execute at the end of each verification 
cycle of each information model if the level of compliance 
is equal to or higher than the one set by the client. This 
process incentives the participants to perform their 
appointment as stated under the contract. Information 
produced and included in the BIM models is developed 
by following the client’s requirements and the design 
team is approved for payment through a smart contract for 
each completed delivery stage. Therefore, the design 
cycle, and the subsequent validation, is an iterative 
process. Information models are only approved when they 
meet the information requirements of the BIM guidance. 

Alongside the automatic approval of payment 
withdrawal, another incentive system allocated by the 
client is based on the provision of tokens. These tokens 
are a digital representation of the performance and skills 
of the design team, therefore they represent the proof of 
professionalism and credibility during the appointment of 
one specific team. For these reasons, the tokens proposed 
in the framework are non-fungible tokens (NFT), 
representing unique features earned by a specific team, 
and they are designed and shared on the blockchain 
network, thus becoming visible and consultable by all. 
These tokens are issued only when the BIM models are 
approved in advance, i.e. with fewer verification cycles 
than the contractual maximum set by the client. They 
represent an immutable certification that provides the 
design teams with good expertise and image for the 
allocation and award of future appointments. 
 

Discussion of the expected outcomes 
The paper illustrates a research framework that combines 
the automatic validation of the quality and consistency of 
the information contained in BIM models and the 
adoption of blockchain-based smart contracts during the 
design phase. The framework focuses on process 
automation and optimisation, transferring the activities of 
information monitoring and validation, as well as those of 
approving the payment withdrawal, to machine-readable 
applications, instead of humans. This innovative approach 
promotes the shortening of the design phase execution, 
tracks all essential information and ensures the payment. 
Since the overall research framework is still at its 
theoretical level, the outcomes discussed are the ones 
expected by its validation through a proof of concept. 
Outcomes of the automatic BIM validation 
The practices for producing, reviewing, exchanging and 
maintaining information recommended by the 

international standards promote constant interaction 
among the parties involved. Information management in 
a BIM environment is characterised by the complete 
exchange of information whose verifications are 
dynamically reported and integrated, improving control 
over the project progress and reducing non-conformities. 
Due to the high information content of BIM models, it is 
appropriate to make use of tools that automatically detect 
errors and non-conformities, facilitating a positive 
response to the client’s information requirements. 
Therefore, the first main objective of the research will be 
the setup of an application able to automatically verify 
and validate the quality and consistency of information 
according to the client’s information requirements and the 
benefits expected from its implementation and testing are 
here summarised. Firstly, the setup of the tool could 
provide the client with an effective application for 
reviewing carefully the information produced by the 
design team. The validation of information quality and 
consistency during the design phase is no longer a manual, 
time-consuming and error-prone activity, conversely, it 
becomes comprehensive and detailed. Secondly, the 
design team would therefore be encouraged to produce 
information in compliance with the client’s information 
requirements to reduce working time and the likelihood of 
rework. At the same time, in the event of a negative 
verification result, obtaining a detailed report containing 
all the failed elements facilitates the design team in 
implementing targeted and fast amendments and 
integrations. Finally, the client can monitor the actual 
progress of the project and the reliability of the design 
teams. The detailed verification of the models ensures that 
the information requirements are met, and the automation 
of the process considerably reduces the traditional 
verification and validation time. Indeed, based on some 
initial observations, it is possible to estimate a reduction 
in the time required for information validation in the 
design phase of around 60%. This will be demonstrated 
through the validation of the research framework on a 
proof of concept, as further explained in the following 
section “Conclusions and further developments”. 
Outcomes of the blockchain-based smart contracts 
Regarding the implementation of the blockchain network 
in the design phase, its architecture requires an 
appropriate selection and design concerning the involved 
parties and the project environment. Since the illustrated 
framework is set in a defined environment driven by a 
specific client, the second main objective of the research 
will be the investigation and configuration of the most 
suitable network. The setup of a blockchain network at the 
basis of the framework allows the identification of some 
expected benefits. Firstly, the integration of a blockchain 
network in the general framework supports the 
implementation of automated activities. This means that 
the network could come along and track the information 
validation in the design phase, eliminating any 
intermediaries and ensuring the trustworthiness of shared 
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information using consensus protocols and smart 
contracts. Secondly, the smart contract between the client 
and the design team would assure the contracting party of 
the client’s willingness to pay and withdrawal of payment 
upon automatic approval. Thirdly, the awarding of NFTs 
as recognition of professional expertise and competence 
provides an incentive for the design team to complete the 
appointment in compliance with the requirements. 

Initially, the permissioned networks will be 
considered as they allow only selected and known 
participants to collaborate and transact in the network, 
ensuring privacy and control of identities. From an 
architectural and functional point of view, they could 
offer the appropriate network for the environment of the 
research framework. In addition, this choice could avoid 
the problems related to the public visualisation of 
information and the operating costs due to the fees for 
using a public network. When the framework will be 
validated and tested through a proof of concept, it will be 
possible that other types of blockchain networks will be 
considered, investigated and tested as well as the possible 
use of a public blockchain, to maintain the nature and 
original meaning of the technology. The possible 
adoption of a public network should consider the 
organisational, economic and regulatory problems, and 
also analyse possible alternative solutions capable of 
minimising the operating costs and latencies, such as 
sidechains or rollups. The network that responds best in 
terms of information security, lower latency and lower 
execution costs for transactions will be the one chosen to 
configure the desired smart contracts, and it will be 
adopted during the testing and validation of the 
framework of the research. 

To summarise, the main expected outcomes of the 
adoption of the framework of the research are related to 
the (i) optimisation of the BIM validation process, (ii) 
shortening of the time to complete the appointment, (iii) 
increased automation of the procedures and (iv) respect of 
delivery times and assurance of reward. 

Conclusions and further developments 
The proposed framework illustrates how the adoption of 
automatic BIM validation and blockchain-based smart 
contracts could streamline the design phase execution, the 
information validation and the approval for payment. The 
combination of the two technologies offers enormous 
value and could be considered an appropriate direction for 
the efficient development of the validation activities 
during the design phase. The potential offered by the 
framework could fully exploit the information of a BIM-
based project. The automation of some processes that are 
traditionally entrusted to human interactions discloses a 
crucial area of experimentation. It reduces the human 
influences on the execution of information validation and 
approval for payment withdrawal. The validation of the 
design phase is shortened thanks to the configuration and 
adoption of a tool for the automatic validation of the 
quality and consistency of information content of the BIM 

models. The validation takes place accurately and is 
notarised on-chain using the appropriate smart contracts, 
giving transparency and reliability to the process. At the 
completion of the appointment, the payment approval is 
guaranteed using smart contracts that execute the 
transaction upon the compliant BIM validation, when also 
the release of tokens for professional standing may occur. 

The aforementioned outcomes, expected from the 
adoption and validation of the research framework, will 
be analysed through the development of a proof of 
concept. The proof of concept will validate the research 
framework through the use of a real project based on the 
digitalisation of the real estate assets of a large Italian 
public client. This client has developed a proprietary BIM 
guideline based on which the real estate digitalisation is 
appointed. In this project, the sets of rules for automatic 
validation in compliance with the contents of the 
proprietary BIM guideline will be created and tested, as 
well as smart contracts for notarisation of files and 
information and for approval of payment and tokens 
release. Through the implementation of the proof of 
concept, future publications will validate the expected 
outcomes as well as discuss the main benefits and 
limitations. 
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Abstract 
Blockchain and smart contracts enable the network of 
hybrid autonomous human and machine agents. In this 
paper, we propose the concept of engineered ownership, 
a blockchain-based socio-technical governance system. A 
system of coded rules that defines the boundaries, shapes 
incentives and distributes rights among such autonomous 
agents. To lay a foundation for engineered ownership, we 
first study the nature of ownership by examining the 
concept of property. Shaped by history and ideologies, 
property rights are the most formalized and studied 
ownership system. We then untangle the layered 
structures and system design impacts of property by 
investigating three property rights theories. Finally, we 
derive from these learnings the system features of 
engineered ownership, identify related challenges, and 
present a roadmap towards a holistic theory of engineered 
ownership.  

Introduction  
The advancement of cryptography provided part of the 
most important scientific foundation for the first 
blockchain powered digital currency, Bitcoin (Nakamoto, 
2008). Bitcoin started the evolution of blockchain into the 
new standard for digital assets. Anonymity, 
decentralization and security are among the most praised 
features of blockchain. Ethereum introduced the “second 
generation” of blockchain, popularizing the use of smart 
contracts (Buterin, 2013). A smart contract is essentially 
a special type of account, which encodes the logic of 
transactions between agents in the blockchain network. 
Smart contracts allow the storing of funds and encoding 
of rules in the same account. In other words, smart 
contracts enable self-executing and self-owning  
autonomous agents on the blockchain. These agents can 
be individuals or code-driven. 

With the capability of storing and governing digital 
assets by one or a group of autonomous human and/or 
machine agents, the concept of Decentralized 
Autonomous Organization (DAO) was established. A 
DAO envisions a community of self-organizing agents. 
Blockchain is the underlying peer-to-peer (P2P) network 
where the agents can transact crypto tokens, vote for 
governance decision and communicate with other peers.  

Such communities formed by autonomous agents 
challenge the traditional perception of ownership. 
Ownership describes the state, relation and fact of being 

an owner. Property rights is a set of formal rules; a legal 
instrument to protect the rights of owners. An example is 
the radical project no1s1 (no-one’s-one) (Hunhevicz et 
al., 2021). This project is a self-owning house on the 
blockchain. The house has its own account on the 
blockchain where it stores its funds and defines its 
operational functions. In this paper, we ask what if 
properties are owned by no one (machine agents), or 
everyone (cluster of agents)? In a blockchain network, 
ownership can be fractioned and disintegrated, for 
example the house could have the operational rights, 
while a human community around it has the decision 
rights, or the other way around. Another possible scenario 
depicts a truly community governed house, by giving 
them all related rights such as economical, operational, or 
managerial. Even more radically, the rights can belong to 
machines as a new type of owner on the blockchain. In 
this prevailing trend towards human-machine 
assemblages, we need not only to engineer the 
technology, but also the ownership that governs their 
relations and interactions.  

Therefore, this paper explores engineered ownership 
as a new governance architecture on the blockchain. We 
identified that theories of property rights are, to a great 
extent, comparative with ownership. Ownership and 
property rights are different sides of the same coin, the 
former emphasizing the content of entitled articulation, 
and the later emphasizing the state of possession. Hence, 
we first introduce the notion of ownership and property 
rights and examine then blockchain’s role in such a 
system. Furthermore, we explore the governance of 
property and existing theories of property rights with 
special attention to theories that attempt to formalize, 
systematize and modernize property rights theory. To 
conclude, we propose and discuss the principles, 
challenges, and future work for engineered ownership. 

Blockchain technology and autonomous 
agents 
The balance of privacy protection and security has long 
been a challenge for cypher systems. Prior to 1970, only 
symmetric key algorithms were used, meaning that both 
the coder and decoder have the same encrypted 
information passed by a secrete channel. Research of 
asymmetric key pairs enabled by one-way mathematical 
functions emerged in the 70s (Diffie and Hellman, 1976). 
In such a system, the public key information can be 
exposed and only the person with the pairing private key 
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can decode the information. This invention eventually 
lead to the creation of a digital payment system in the late 
80s. For the first time, anonymity could be ensured in a 
digital payment system by blind signatures (Chaum, 
1983). Subsequently, a more advanced concept, smart 
cash, was introduced (Bos and Chaum, 1990).  

Bitcoin (Nakamoto, 2008) solved for the first time the 
double spending problem in a secure, transparent, 
anonymous, and distributed way with the proof-of-work 
consensus algorithm. Agents can stay anonymous by 
identifying themselves on the blockchain with encrypted 
addresses. While this capability has initially received wild 
support from Crypherpunk’s libertarian ideals (Jarvis, 
2021), critics worry that it could be exploited by malicious 
criminals to conduct illegal transactions worldwide 
(Dyntu and Dykyi, 2018).  

The development of Ethereum gave rise to the 
mainstream adoption of diverse applications on the 
blockchain, most notable, Non-fungible Tokens (NFT), 
Decentralized Finance (DeFi), and Decentralized 
Autonomous Organization (DAO). NFTs and DeFi 
harness the power of efficient and transparent value 
transfer on a P2P network with the use of smart contracts 
as a tool to encode complex operations. Even more 
advanced, the concept of a DAO implies that the encoded 
rules could govern relations among participants and act as 
the organization itself (Buterin, 2017). The ability to 
digitally govern human agents in a bottom-up manner is 
explored by scholars from fields such as Open Source 
Software (OSS) governance (Liu et al., 2021), the sharing 
economy (Pazaitis et al., 2017) and common pool 
resource management (Rozas et al., 2021).   

Beyond the anonymity of human agents, for the first 
time, non-human agents such as code or machines can 
participate in a peer-to-peer network with the same 
encrypted account as its human peers. More so, the 
address can hold and control funds, token assets and 
operational logic. This embryonic of the anonymized 
human-machine network has been captured by many 
scholars. In the field of Internet of Things (IoT), scholars 
explored the possibility of blockchain to facilitate 
transparent records, communication and multi-step 
process automation between devices (Christidis and 
Devetsikiotis, 2016). Legal scholars such as Wright and 
De Filippi (2015) describe the probable legal overturn, 
when all physical devices are connected on ubiquitous 
internet and managed through blockchain, especially 
regarding property rights and contracts law. In addition, 
Artificial Intelligence (AI) and blockchain have become 
an increasingly convincing synthesis. Singh et al. (2020) 
argue blockchain has the potential to compensate for the 
existing challenges of AI, for instance, its centralized 
structure, or security and privacy. Another example is to 
combine swarm robots and AI to extend blockchain’s 
capability of autonomous machines. The robotic swarm 
depicts a collective of robots coordinating tasks and 
performing advanced behavior that is similar to a natural 
swarm pattern. In such a system, blockchain could act as 

a governance system for autonomous robot agents and 
possibly improve the application of swarm robots in 
aspects related to security, decision making, behavior 
differentiation and business models (Castelló Ferrer, 
2019).   

With blockchain and DAOs, both human and 
machine agents can elegantly cluster into a swarm with 
obscure and dynamic borders, while maintaining a 
collective identity. The autonomous nature of DAO 
resembles the early cybernetic imagination of an 
autonomous organization. Nabben (2021) illustrated a 
future of an imaginative human-machine symbiosis, 
where DAOs are governed by artificially intelligent 
algorithms. McConaghy (2018) delineates a world where 
machines own their own network and act similar to nature, 
purely being and mutually benefiting humans who engage 
with them. He termed this concept “Nature2.0” 
(McConaghy, 2018). Following the vision of Nature2.0, 
no1s1 links self-ownership with a physical space to apply 
the concept in the built environment (Hunhevicz et al., 
2021).  

On the one hand, technology has advanced rapidly 
such that the cyber world is morphing into the real-world 
triggering all human senses; and on the other hand, the 
traditional values and virtues had not been reflected and 
transferred into the new cyber world (Fairfield, 2015). To 
facilitate bridging between the future scenarios and 
current limitations requires a close examination of the 
fundamental principles of value and property. 

Ownership and Property rights  
The definitions of ownership and property rights 
Historically, ownership has been at the center of the 
ideology debate. Plato (375AD) and Aristotle (330AD) 
dispute over the value of collective ownership and private 
ownership. Plato stresses that common property would 
promote common interest and pursuit, resulting in the 
social division; Aristotle argues that private ownership 
promotes virtues such as prudence and responsibility. 
Thereafter, ownership becomes one bracket to separate 
political ideology. Following the line of Aristotle, a 
capitalism ideology holds that intrinsic moral rights lie in 
private property. The linking of personal liberty with 
ownership provided an ideological basis for the liberation 
of slavery. By contrast, under the background of 
industrialization, a communist ideology regards extensive 
private property rights as the enemy for reaching common 
wealth (GREY, 1980).   

As a fiercely debated concept, ownership is beset 
with definitional difficulties. According to Grey (1980), 
the reason is twofold. First, there is inherent ambiguity 
within the phrase. Ownership does not describe the 
degree, scope, the mode of owning, nor the condition of 
the object of property. For example, private ownership is 
drastically different from collective ownership. Second, 
the increasing complexity of today’s economic structures 
has caused the disintegration between property and 
institutions. For instance, one can own a share of a 
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company without being able to have a voice in its 
governance. To summarize, the above reasons caused a 
large spectrum of understanding gap among individuals. 
There is a lack of a clearly comprehended, unitary concept 
of property (GREY, 1980).  

To confront the complexity in the phrase of  
ownership, legal scholars decomposed the articulations of 
owning into different rights. The bundle of rights theory 
is one of the dominant theories and the standard entering 
point when seeking to understand the nature of property 
(Penner, 1996). The bundle of rights theory argues that 
ownership should be understood as a variety of rights 
instead of a single right (Honore, 1961). Prior property 
theory regards property as the governance between a 
person and a thing (Blackstone, 1830). Owning physical 
objects is the focal point of dispute. The bundle of right 
theory shifted the emphasis of property from the thingness 
to interdependent relationships. Ownership is no longer 
between the owner and an object, but as a series of 
correlative rights against other non-owners. For example, 
the owning rights of a car include the duty of other people 
not interfering, damaging or benefiting from it.  

However, the linearity of the bundle of rights is 
redundant in an information cost perspective (Smith, 
2012). Because it is impossible to delineate all the 
probable scenarios covering all the relational rights, it is 
not scalable. For example, a person understands to not 
trespass a private property without the need of knowing 
who owns the property. In this case, the ownership detail 
of the property does not need to be exposed to others, but 
only the information that this property is a privately 
owned property. Thus, a delineation of all rights would be 
inefficient and increase information cost. Smith then 
integrates the idea of information cost into property and 
further promote modularization of the packages of 
property rights (Smith, 2012).  This theory is especially 
helpful in incorporating modern information system 
architecture design into traditional property law. There is 
a growing incompatibility between traditional property 
theory and modern technology progresses (Libling, 1973; 
Johnsont, 2007). Additionally, intangible properties have 
been facing many obstacles integrating with traditional 
viewpoints. In the next section, we explore how 
blockchain technology can bridge the above disparity in 
property theory, taking the discussion of property 
forward. 

Property rights and ownership as a system 
In this section, we closely look at three theories that 
systematically characterize property rights and further 
evaluate the effect that property has in a larger social 
context. 

The elements of property (Carruthers and Ariovich, 
2004) 
As discussed in the previous section, property consists of 
relational rules between owners and non-owners. It cannot 
be assessed outside of a greater social context. Therefore, 
as much as property right law is a political or economic 

issue, it is also a social issue. Nevertheless, it is rarely 
studied by sociologists (Carruthers and Ariovich, 2004). 
Carruthers & Ariovich (2004) concur with the argument 
of the bundle of rights that property right involves a triadic 
relationship, rather than dyadic only between people and 
things. In the triadic relationship scheme, property rights 
vary according to the nature of the right, the owner or the 
group the rights are vested in, and the objective value of 
the owned asset. The authors developed five dimensions 
to define property based on an earlier definition by Reeve 
(1986). 

The five dimensions are objects of property, 
articulation of use, subject of property, enforcement of 
rights and transfer of rights (see Figure 2). While the 
transfer and enforcement of rights are self-explanatory, 
the object of property describes what can be owned and 
the subject is who can own the object. The articulation of 
use represents all the rights that involve how the objects 
can be used.  

The object of property varies according to culture, 
law, politics, economy and technology. It hinged on the 
process of commodification and decommodification. An 
increasing number of intangible things such as business 
models is a major part of the modern property debate.  As 
for who may own, no society grants equal and full 
ownership rights to all natural persons. While ownership 
of a single person suffers from inequity based on biased 
categories, ownership of fictive groups, corporations or 
institutions gain perpetual accumulation of wealth without 
inheritance issue. Similarly, the articulation of property 
use is also mostly restricted depending on the nature of 
property and it changing over time. Some restraints are 
enforced formally, others informally. The enforceability 
connects property with politics and state-level 
government and shifts towards the international level due 
to globalization.  

Carruthers & Ariovich (2004) have taken property 
outside the common legal context, and abstract the basic 
elements of property. This evidently demonstrates that the 
concept of property is highly dynamic. All five elements 
of property interconnect and have mutual effects. Culture, 
economics, politics and technologies change property and 
vice versa. 

Figure 1: The property rights graph (Nagel and Kranz, 2021). 

The qualities of rights (Scott, 1989)  

Scott (1989) builds the theoretical foundation of 
common resource property using the “characteristic” 
approach. His theory suggests evaluating the effects of 
the right regime against six axes (see Figure 2):  
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flexibility, exclusivity, quality of title, duration, 
divisibility and transferability.  Additionally, a difference 
in degree for each dimension result in different property 
systems.   

 
 

Figure 2: The six axes of property rights (Scott, 1989) 

Fishery is one of most popular common pool resource 
scenarios. With this example, two common fishing 
systems, license and quota, are compared in detail. Scott 
(1989) discovered that each quality of rights yields 
different social effects. For instance, on the one hand 
exclusivity can encourage self-enforcement of control and 
long-run investments. On the other hand, extensive 
exclusivity might result in collusion. Individuals who hold 
rights that are durable, exclusive and transferable, share 
more sense of responsibility in the scheme of collective 
ownership.  

 Scott (1989) demonstrates that it is important to view 
individual rights as the nuclei of larger collectives. 
Furthermore, proper joint management not only make 
regulation of property efficient, but also has the potential 
to promote greater virtue and ensure sustainable 
maintenance of the property. The dynamic characteristics 
of property regimes significantly influence the social 
outcomes. 

The nested relations (Schlager and Ostrom, 1992) 
Through a series of extensive field analyses on indigenous 
groups, Elinor Ostrom defended the commons against the 
popular theory of “tragedy of commons” (Hardin, 1968). 
Parallel to the fishery example in the last section, Schlager 
and Ostrom (1992) examined property rights in a common 
resource-based scenario. They then further identified the 
confusion in scientific study and policy analysis when the 
term “common-property resource” is used together with 

different types of ownership. A conceptual schema (see 
Table 1) was developed to clarify and array the property 
right in a common resource.  

While this schema includes many aspects of property 
rights, the main focus is on the level of property rights in 
relation to the owner’s participatory level. There are five 
rights related to common resource that are further grouped 
into two categories. The operational level rights include 
the rights for access and withdraw products. The 
collective-choice rights are the decision layer of 
operational rights, including the rights to regulate the use 
of resources (management), determine who has access 
(exclusion), and the right to sell or lease the other 
collective (alienation). The enforceability is classified 
into de facto and de jure. The former is self-enforced and 
latter is given lawful recognition by formal instruments. 
While de jure rights ensure more security, de facto rights 
are valuable through internalizing cost in solving 
conflicts,  matching rules closely with the local conditions 
and reduces the incentives to overinvest. Ownership does 
not guarantee the survival of a resource, and resource 
abuse occurs when there is a high discount rate. 

Schlager and Ostrom (1992) draw a picture of 
complex nested relationships. Hierarchical relationships 
are divided through holding different rights, while 
horizontal relationships between members hold the same 
rights. The rights and duty of a person influences 
individual incentives, actions and finally the 
organizational outcome. The property rights regime is 
inherent complex and has no existing system that seems 
to produce net benefits in all situations. It revealed that the 
ownership regimes are spatial-temporal systems. 

Towards engineered ownership  
When Blockchain meets property rights 
Through computational labor and artificial scarcity, 
blockchain uniquely unleashed technologies’ capability to 
directly create digital monetary value. The online digital 
asset hitherto becomes unique, rival and scarce. It is 
perhaps not surprising that bitcoin is referred to by many 
as digital gold (Gkillas and Longin, 2019). Beyond the 
value in the inherent scarcity nature of cryptocurrency, 
through the distributed network and the private-public key 
pair design, blockchain technology also allows for safe 
storage of the currency by the end-users and efficiently 
transfer directly between peers. Furthermore, records of 
the above transactions and processes are transparently 
visible to everyone on chain. Blockchain technology not 

Land Operational Collective-decision 
Right Access Withdraw Management Exclusion Alienation 

Authorized user x x    

Claimant x x x   
Proprietor x x x x  

Owner x x x x x 
Table 1: Adopted bundle of rights table (Schlager & Ostrom, 1992) 
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only alters our perception of value and assets, but also 
transforms the method and increases the speed of asset 
transfers (Graglia and Mellon, 2018). 

The close coupling with value, assets and economy 
departs blockchain technology from the conventional 
perception of technology - as merely a tool to improve 
efficiency. It can also shape human behavior by 
implementing coded rules with economic incentives. 
These coded rules are the formalization of relationships, 
where agreements meet (Szabo, 1996). In our current 
society, such a system written as law, has been imposed 
by the government. Nagel and Kranz (2021) conducted a 
systematic literature review of 35 articles that cover the 
topics of blockchain and property. They discovered that 
blockchain technology can streamline property 
registration, digitize property using non-fungible tokens, 
speed up the transaction of property and make the system 
more transparent. Moreover, by encoding governance 
logic, blockchain technology can be the property 
institution itself. Ishmaev (2017) compared Bitcoin with 
Penner’s (1997) theory of property and Hegel’s (1991) 
system of property rights. Blockchain technology as an 
alternative property institution could eliminate 
centralization, promote knowledge commons and alter 
traditional property relations (Ishmaev, 2017).  

Property essentially is a cluster of rules governing the 
articulation of certain resources or material of value. 
Blockchain technology has the potential to unify 
traditional property theories with modern developments. 
For example, cryptocurrency reformed the understanding 
of money. Traditionally, the value within money was 
deemed intrinsic; now money can be coded as long as it is 
socially agreed to have value. This change of perception 
is also brought to the concept of property. Property is no 
longer the law of things, but rather is information. When 
talking about property, we are not talking about the soil 
and stones in the land but the imaginary boundaries we 
are entitled to own (Fairfield, 2015). Correspondingly, 
blockchain promises significant improvements in 
information efficiency, certainty and security compared to 
traditional methods of property management.  

However, we depart with Fairfield’s view on 
describing blockchain as merely a neutral property 
technology. Of course, the knowledge and information in 
technology are neutral, bytes of zeros and ones reads the 
same to everyone; atoms in the stone do not try to throw 
themselves into a glass. Nevertheless, the definition of 
technology is a practical application of knowledge, and 
the action of applying involves motivation and purpose 
that is not neutral. It is not long ago, we discovered that 
data analytical technologies were notoriously used in 
profiling users to influence presidential elections 
(Berghel, 2018).  

The inherent design of the blockchain architecture 
determines the value allocation, as well as decision-
making processes. Thus, we need to be informed when 
adopting and applying it. For example, permissioned and 
permissionless blockchains yield a drastic difference in 
access rights. The former controls access within certain 

group of individual and the latter grants accesses to all. It 
is apparent that being able to make faster and more 
transparent transaction, or assist registration of ledger is 
useful, however, the governance aspects of blockchain are 
arguably just as important as the technology itself if not 
more so. In the next chapter, we further examine the 
governance of property on the blockchain in order to 
understand better the various dimensions of engineered 
ownership. 

Departure from existing blockchain governance 
frameworks 
The governance capability of blockchain has been studied 
by various scholars (Liu et al., 2021; Beck et al., 2018; 
Pelt et al., 2021). The concept of engineered ownership 
shares similar features with existing blockchain 
governance frameworks. These frameworks have a 
similar agent-based view and discuss agent’s rights, 
incentives and accountability. However, based on the 
above foundations of property rights, we propose that the 
concept of engineered ownership uniquely emphasizes the 
five aspects that are either non-existing or little discussed 
in other frameworks. 

• Non-human Participation: Fundamentally, this 
work is motivated by the imagination of a future 
of human-machine symbiosis. It emphasizes the 
ownership of autonomous machine agents (no 
one) or a DAO formed by a cluster of 
autonomous agents (everyone). This aspect is 
often neglected or lightly mentioned in all 
existing frameworks. 

• Relational: Through the review of property 
theories, it is apparent that ownership is 
relational to others in the network. The full 
ownership of a certain resource excludes others 
from it. The existing frameworks emphasis on 
the delineation of agent properties with little 
emphasis on the relation between them.  

• Interplay: Certain ownership rights show closer 
relationship than others. For common pool 
resources, access rights and withdraw rights are 
often bundled together. Holding withdraw rights 
independently from access rights is meaningless. 
The different elements of certain rights are also 
correlated with each other. The enforceability of 
the right influence the intrinsic value of rights. 

• Complexity: Ownership is not only a right but 
also a duty and an accountability. A small change 
in one aspect of the ownership could trigger very 
different actions and outcomes. The ownership 
regime is inherently complex having nested 
structures. It requires independent study. In other 
frameworks, the complexity is commonly 
reduced to a single decision right. 

• Cyber-physical Integration: The concept of 
engineered ownership emphasizes the 
integration of cyber-physical systems, while 
other frameworks seek only to govern the digital 
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community. This feature also increases 
additional complexity. 

Moving forward: challenges and plausible solutions 
The five aspects of ownership engineering presented 
above also highlight the various difficulties moving 
forward. The challenges are twofold. On the one hand, 
there are intrinsic conceptual complexities in the matter of 
ownership. On the other hand, there are technical 
complexities in the architecture of blockchain especially 
attempting to bridge the cyber world with the real physical 
world.  

Challenges in ownership 
Ownership is hierarchical, nested and interplayed. It 
varies based on culture, law, politics, economy and 
technology (Carruthers and Ariovich, 2004). There are 
different levels of ownership resulting in different levels 
of participation (Schlager and Ostrom, 1992). Permeance, 
transferability and divisibility of ownership changes the 
engagement pattern of participants (Scott, 1989). A stable 
ownership regime could also encounter new conflicts 
induced by external events. The de jure right enforcement 
involves politics and government intervention. De facto 
enforcement can be embedded into the local custom or 
enforced through individual contracts (Schlager and 
Ostrom, 1992).  

Challenges in blockchain 
There are two main difficulties when using blockchain as 
a tool to manage communities. The first problem lies 
within the complex and fast moving development of 
blockchain technology. For example, there remains many 
open questions around the scalability and the 
environmental impact of blockchain. Moreover, research 
on DAO community management is as well in its infancy. 
For example, there is debate if decision making should be 
on-chain or off-chain (Calcaterra, 2018; Reijers et al., 
2021). On-chain voting is more secure while off-chain 
voting is economically efficient. New voting schemes, 
such as quadratic voting, have been proposed and present 
exciting promises in promoting equity (Wright Jr., 2019). 
Beyond technological problems, the high profitability of 
cryptocurrency is a two-sided sword. It provides 
economic incentives and at the same time attracts 
malicious behavior exploiting other users’ resources. 

The second difficulty occurs in integration of the 
physical and cyber world. Even though there exist many 
applications such as tokenization of physical assets, it 
often requires an entrusted third party to hold assets as the 
guarantee. This information gap between the  physical and 
cyber world is referred to as the oracle problem (Al-Breiki 
et al., 2020). Autonomous machine engagement in the 
network suffers from the above problem.  

Plausible Solutions 
As discussed previously, blockchain technology could 
increase efficiency and reduce information costs in 
managing ownership (Fairfield, 2015; Ishmaev, 2017). 
Beyond pure information exchanges, blockchain is also a 

powerful governance tool to manage incentives and a 
complex cluster of autonomous agents in the social-
technological context (John and Pam, 2018). Structurally, 
ownership complexity can be managed through 
modularization (Smith, 2012) and nested structures (or 
system of systems) (Espejo, 1990; Ostrom, 1990). 
Organizationally, mechanisms for effective monitoring 
and adaptation reduce the cost of conflict solving and 
increase resilience to external changes (Espejo, 1990; 
Ostrom, 1990). Moreover, due to the intrinsic complexity 
of ownership, adapting an engineered ownership system 
would require a degree of flexibility and freedom to adapt 
to the local culture and legal environment. This would 
require further investigation and will play an important 
role in system design. 

Roadmap: blockchain-based engineered ownership  
Moving forward, we identified three main steps required 
in order to achieve, validate, and apply a theory of 
engineered ownership: 

Theory building in multidisciplinary context: 
Engineering ownership bridges social and technological 
systems through the triadic relation among codable rules, 
individual incentives, and collective outcomes. The first 
step in building a new theory is not to take any existing 
system of a specific kind as given nor to create everything 
from scratch. In this paper, through reviewing the concept 
of property rights, we began to untangle the complexity of 
ownership in a greater social context. However, to achieve 
a holistic system design, not only legal and social aspects, 
but also other fields such as economic systems and 
complex system design need to be involved. 

Quantification and System simulation: 
Validating the engineering ownership system requires a 
large computational capacity to simulate the clustered 
autonomous agents’ behaviors. For system validation, 
Model-based system engineering (MBSE) is one of the 
most prominent methods to support the analysis, 
verification and validation of engineered ownership 
systems. The dynamic of the system between the agents 
and net social outcome can be simulated through agent-
based modelling. Large experiments with participation 
from global agents can be conducted through an 
engineered-ownership-system-based metaverse with 
digital communities. 

Implementation 
Real world applications of engineered ownership should 
be explored. In a nested system, these applications are 
multi-layer and multi-scale. A possible application is a 
decentralized and autonomous building and space, 
treating a single house as a unit of autonomous agent 
(Hunhevicz et al., 2021). On a greater scale, this idea can 
expand to decentralized autonomous infrastructure 
resulting in a human-machine symbiosis society. 
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Conclusion  
In this paper, we investigate the concept of engineered 
ownership: a system of coded rules leveraging blockchain 
smart contracts that distribute rights, value and power 
among a hybrid community of autonomous human or 
machine agents. In this way, technological innovation 
becomes tightly coupled with economic incentives and 
social behavior. While the underlying technology is 
neutral, algorithmic bias does exist. In the application of 
blockchain, where ownership could be redefined and 
redistributed, a careful examination of the system design 
is required in order to prevent unintended consequences. 
Therefore, there is a need to investigate further the 
possibilities and challenges of engineered ownership. 

A proper understanding of ownership is necessary to 
conceptualize engineered ownership. We turn to property 
and property rights in order to establish a better 
understanding of ownership. Property, like ownership, 
consists of a series of rules that define the rights, duties, 
and obligations of owners and non-owners. These rules 
distribute power, define boundaries, settle conflicts and 
increase resilience in a complex system. We suggest that 
available theories of properties and property rights can 
help to identify different possibilities to engineer 
ownership on the blockchain.  

Three theories of property are reviewed to offer a 
potential starting point for untangling the concept of 
ownership. Based on the generated insights, we proposed 
five aspects of engineered ownership that are not much 
explored by existing blockchain-governance frameworks. 
These are the non-human participation of machine agents, 
the relational nature of ownership to other agents in the 
network, the inherent interplay of rights, the complexity 
of ownership, and the cyber-physical integration that is 
possible beyond the mere governance of digital 
communities. 

Based on the initial findings of this paper, we suggest 
that the existing theory and system of ownership could be 
advanced with and by blockchain technology. In 
alignment with other research, we support exploring 
further the use of blockchain not only as a technology tool 
to improve transaction efficiency and transparency, but 
also to initiate innovation on institutional, organizational 
and governance levels towards a new paradigm of 
engineered ownership. 

There are a few important last remarks about this 
work. Even though we have mainly studied property 
rights, the duties and obligations associated with rights 
should not be ignored. In a system design, monitoring and 
necessary sanctions are critical to leverage malicious 
actions and impacts. Blockchain technology does not 
automatically result in good virtues such as freedom, 
liberty, social equity, and a mutually-beneficial symbiosis 
of humans and machines, but we could engineer a system 
towards such a vision. 
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Abstract
Today the emergence of many technologies has trans-
formed the financial and commercial sectors. Blockchain
is considered one of the emerging technologies in vari-
ous industries. Blockchain financing allows investors to
choose projects they trust and participate in without the
need for third-party intermediaries. The main features of
blockchain are security, transparency, and immutability;
hence, using blockchain in crowdfunding makes this pro-
cess more reliable. The current study presents a model
based on a smart contract on the Ethereum blockchain net-
work and integrates the (ICO) and (IPO) models. This
study proposes an integrated ecosystem for attracting and
monitoring project progress by stakeholders based on a
smart contract, where the smart contract’s data are con-
nected via Oracle to an external database. As a result, the
shareholders can track the project’s progress via its corre-
sponding Digital Twins in its respective Metaverse.

Introduction and Literature Review
Nowadays, we have witnessed the emergence of many
technologies that have transformed the financial and com-
mercial sectors particularly. Blockchain technology can be
mentioned as one of the emerging technologies combined
with innovations in many industries like banking and fi-
nance, supply chain, healthcare, insurance companies, et
cetera. The construction industry is also considered one
of the industries with many potentials to use blockchain
technology due to its high volume of transactions (Kim
et al. 2020). Perhaps one of the reasons why bitcoin is
often equated with blockchain is that blockchain technol-
ogy was first introduced in 2009 in the bitcoin program-
ming code. Later, with more and better knowledge of this
technology, experts realized that the use and application of
blockchain is not only related to cryptocurrencies, but this
technology also has awide range of other applications (Un-
derwood 2016). Security, transparency, and immutability
are among the features of blockchain. The information in
the blockchain is encrypted before being stored, which in-
creases the security of the information. One of the sig-
nificant points is that the information in the blockchain is
visible to all its mem bers, demonstrating maximum trans-
parency at its highest. Another advantage is that the data in
the blockchain cannot be changed or deleted (Perera et al.
2020).
On a global scale, the interest in blockchain technology is
proliferating. The benefits of this technology can be real-
ized by accepting it as much as possible. Crowdfunding

is a revolutionary concept that has disrupted the current
financing model and provides a platform for connecting
emerging businesses and securing investment. The con-
cept of blockchain crowdfunding has the potential to trans-
form many businesses.
Today, the Internet has completely altered our lifestyles
and communications, and more importantly, it has affected
our finances. On the other hand, nowadays, it could be
realized that crowdfunding allows startups to fund them-
selves without much red tape. This method of financing is
based on raising money from groups and individuals who
have common interests and want to make small contribu-
tions to the projects. Risky and professional investors, be-
sides being profit-oriented, choose only projects with high
potential (Baber 2020).
The 2008 financial crisis had a profound impact, and many
people lost their faith in the banking system. Today, peo-
ple are tired of corruption and insecurity; hence, they have
turned to highly transparent decentralized systems, which
these systems will eventually alter the way goods and ser-
vices are traded worldwide. For instance, interim pay-
ment provisions in construction projects are sometimes
accompanied by unfair payment methods (Ramachandra
& Rotimi 2015). Countermeasures, such as project laws,
legal statements, and Project Banking Accounts (PBA),
are available to reduce dishonest behaviors. Despite the
fact that small subcontractors are protected by law, re-
gretfully, contractors frequently fail to pay their earned
funds from high-level sources to downstream subcontrac-
tors (Schleifer 2017) due to the unequal bargaining power
of construction project participants. This issue creates a
domino effect on their failure to pay (Miller & Wongsaroj
2017).
In the past, financing platforms had to collaborate with
banks and payment service providers to facilitate finan-
cial transactions. Aside from existing approaches such as
the Project Bank Account (PBA), due to the system’s cen-
tralized structure, stakeholders such as subcontractors may
lack complete faith in its integrity. Therefore, a dispersed
and unreliable infrastructure that can work and integrate
with existing payment systems for construction projects to
facilitate payment transparency, using blockchain financ-
ing, investors can choose projects they trust and partic-
ipate in without the need for third-party intermediaries.
Meanwhile, block-based platforms are ideal for process au-
tomation in distributed environments such as construction
projects where participants typically do not trust each other
based on the inherent nature of the project’s organizational
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structure (Das et al. 2020), but the use of blockchain in
crowdfunding makes this process more reliable, transpar-
ent, decentralized, and accessible. Businesses can start
selling their TOKENs without convincing the investors or
incurring IPO costs to raise funds for growth, a process
known as an ”initial coin offering.” Investors can claim
their share of a project by buying the digital currency and
can withdraw their share of that project whenever they
want by selling their currency (Conley et al. 2017). While
ICOs and IPOs share some similarities, their structures
and processes differ in many ways, including underwrit-
ing, distribution, and regulation (Chuen et al. 2017) . To-
ken selling is a method of selling a partnership or franchise
in an economy or project that starts at a later date, whereas
an IPO sells a stake in the company. An ICO introduces a
new form of crowdfunding in which each participant can
participate in financing and monetization through the use
of tokens. ICOs are relatively decentralized, relying solely
on blockchains’ P2P (peer-to-peer) mechanisms (Robin-
son 2017).
Investors now have access to emerging businesses and
emerging global markets, which such a connection was not
previously possible. Previously, traditional financing sys-
tems limited the growth of many businesses, and naturally,
a lack of money and budget for these businesses meant that
the ideas they had in mind did not materialize. Blockchain
technology and Initial Coin Offerings (ICOs) significantly
impacted early-stage financing in 2017, transforming the
entire crowdfunding sector in methods that just a few could
have predicted. Blockchain can improve transparency and
confidence in this unique and modern way of raising cap-
ital (Arnold et al. 2019).

Figure 1: Blockchain-based crowdfunding service ecosystem
(Schweizer et al. 2017).

Metaverse
The term ”Metaverse” first appeared in Neal Stephenson’s
1992 science fiction novel “Snow Crash.” Metaverse is
no longer limited to a science fiction term. Such a world
should not be far from what is expected of us, thanks to
technology that has completely changed our way of life.
Themetaverse is rapidly emerging in the current context of
declining human exposure to COVID-19 (Sparkes 2021).
IndeedMetaverse is a three-dimensional design of a digital
world. This digital world comprises virtual spaces that you
can explore using virtual images. For instance, in Meta-
verse, you can go shopping, work with your colleagues in
a virtual office, study at a university in another country, and

do a variety of other things.Currently, several projects, in-
cluding Decentraland and Sandbox, have their own virtual
worlds that are running and managing this space. How-
ever, the Metaverse concept as a whole is still in its in-
fancy. Nobody knows what the Metaverse’s future will be
like, whether it will be a single massive, all-encompassing
Metaverse or a collection of digital worlds.The corona epi-
demic has also accelerated the process of attracting inter-
est and attention to the development of Metaverse. We
are witnessing an increase in demand for more interactive
communication with other people due to the prevalence of
telecommuting culture caused by the spread of this virus.
3D virtual spaces that allow a company’s employees to
gather and interact in a meeting are becoming more pop-
ular. It should be noted that Metaverse is still in the early
stages of development. Some of the challenges in this area
include authentication and privacy control. Unlike the vir-
tual world, identifying a person is not difficult in the real
world. When people around the world use avatars to ex-
plore the digital world, it is difficult to identify individu-
als. With the increasing development of technologies such
as augmented reality (AR), virtual reality (VR), artificial
intelligence (AI), etc., it seems that we are witnessing the
emergence of new features and attractions in this virtual
and borderless world (Academy 2022).

Main Body
Based on a smart contract, this study proposes an in-
tegrated ecosystem for attracting and monitoring project
progress by stakeholders. Following their participation in
the project via an smart contract, the shareholders can track
the project’s progress via its corresponding Digital Twin in
its respective Metaverse.

The Application of Blockchain Technology to Raise
Capital and Manage Projects

The fundraising model is one of the most important as-
pects of a megaproject’s planning, management, and exe-
cution. More capital can be raised for the project if more
public participation is created. In other words, besides
the macro-investors that exist in the project’s geographi-
cal area, we can consider micro-investors and other macro-
investors from other regions. These small investors world-
wide can also play essential roles in project branding in
addition to the financial aspect. In the first place, a plat-
form for customer identification (KnowYour Customer) or
KYC for investors is established. This is to prevent money
laundering and or criminal activities from the participants.
In this regard, the current study presents a model based on
a smart contract on the Ethereum blockchain network and
a solution to integrate the Initial Coin Offering (ICO) and
Initial Public Offering (IPO) models. Initially, like the tra-
ditional IPO stocks, a committee of financial and regula-
tory experts is formed to determine the correct pricing of
the project’s stock based on the original project owner’s
records and assets. Investors’ participation is structured in
such a way that each project tokenizes its shares based on a
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Figure 2: Proposed structure of investment ecosystem

smart contract that is coded specifically for it. Each smart
contract token can be a stock of the whole project:
spp = % of shares per person
atp = amount of tokens purchased
tto = total tokens offered
sos = % of shares offered in the smart contract

spp =
at p
tto

∗ sos (1)

For example, a project offers 50% of its shares under a
smart contract. The total number of tokens available is
10,000 at a price of 0.1 Atrium. If someone purchases 1
token, he now owns 0.00005 of the project’s shares.
(1/10000)*50% = 0.00005

Oracle
This information can also be transferred outside of the
blockchain network. Thus, ORACLE is used for this pur-
pose. Oracles are external data sources that bring criti-
cal information into or out of blockchains. Indeed, it can
be thought that oracles are the decentralized information
networks in which blockchains need to interact between
on-chain and off-chain transactions. Then, we use Out-
bound Oracles in this step, which allows smart contracts
to send data to sources outside the blockchain network in
which they are located (Curran 2018). This information,
which includes the details and percentage of ownership
of the shareholders in the project and the company’s own
database, is also sent directly and transparently to the com-
pany’s official portal to be available to everyone.

Metaverse - Participants’ Direct Monitoring in the
Projects
This smart contract is linked to a designed metaverse. Any
project participant who has prepared the token can en-
ter this metaverse. This access can be achieved by using

technologies such as augmented reality (AR), virtual real-
ity (VR), or 3D graphics space such as computer games.
Here is a digital model of the actual project based on the
project’s progress and the number of human resources in-
volved in the project so that investors can monitor the
project in real-time. To accomplish this, we used Digital
Twins. Project progress information is collected concur-
rently through the sensors of IoT-based devices, BIM, and
artificial intelligence networks that are integrated through
a software interface and finally modeled. The final model
is now available in the project metaverse.

Figure 3: Project Metaverse Network .

The project itself can generate revenues for shareholders
and add value to the project. To accomplish this goal, dig-
ital assets, products, and properties are offered, and those
who are not even project investors can purchase these items
as a Non-Fungible Token (NFT). The proceeds are consid-
ered as shareholders’ equity.

Conclusions
It is possible to attract various capital for construction
megaprojects in today’s world by utilizing new technolo-
gies. One of the most recent methods for raising collec-
tive capital is to use blockchain. As a result, in addi-
tion to macro-investors, micro-investors can be included
in projects to achieve financial goals as well as branding
benefits. Investors become project shareholders by pur-
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chasing the relevant tokens via a smart contract explicitly
created for the project. Shareholders can enter the project
metaverse and watch all of the project’s progress in real-
time to ensure that it is being implemented flawlessly. The
following research can make better use of the Hyperledger
to personalize the smart project contract. It is also possi-
ble to create an integrated programming platform that can
use artificial intelligence to receive, model, and transmit
project progress information to the metaverse without any
human intervention.
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Abstract 

The real estate market is considered as a very promising 

sector for investments although, it blocks capitals in the 

short term then the investor can rely on an upgraded asset 

value in the long term. The concept of a “fractionable” 

asset can remove some barriers and burdens for owners, 

promoting liquidity and opening to actors with different 

financial or social backgrounds.  

The univocal ownership of the asset shifts into a shared 

property freeing up financial resources for the main owner 

and the acquisition of value for small investors that can 

acquire a part of the asset defined by a NFT (non-fungible 

token). This NFT can be sold and bought in a fluid market. 

This is the core idea of the property tokenization, which 

can be additionally oriented to revalue the assets in an 

eco-sustainable way. The property market can be 

organized and automated through the registration in 

smart-contracts of a "property token". 

The mechanism can be a disruptive financial booster and 

can renovate the asset exchange and the market using a 

digital environment. The idea is to connect the assets and 

the tokens (related to part of the assets) integrated to a new 

digital cadaster of the real estate assets, connecting the 

different scales by digital tools: urban scale managed by 

GIS, building scale defined by BIM models, certifying the 

exchanged consistencies in a unique and blockchained 

token.  

The paper aims at depicting the framework for business 

innovation that can promote sustainability and social 

inclusion. 

Introduction 

The real estate market is experiencing an increase in 

investments worldwide and especially in Europe, after the 

crisis triggered by subprime mortgages in 2007 

(Demyanyk and Van Hemert, 2008). Affordable housing 

and retrofitting challenges in Europe are additionally a 

crucial concern for social inclusion and progress in 

community upgrading. Real estate investments are 

coming not only from European financial institutions, but 

also from North American private funds and sovereign 

wealth funds from Middle and Far East countries.  

Looking up to the national situation, it is worthy to note 

that the northern European countries are attracting ten 

times more investments than Italy (PWC, 2021). The 

reason for this gap relies in the inability of the housing 

market to be part of the investors’ portfolio. In fact, they 

prefer a build to sell model, dissimilarly for other building 

uses. This inability is mainly caused by the poor 

protection provided by the regulations on lease contracts, 

which in case of insolvency does not guarantee the owner 

the repossession of the property (Dahlan, 2014). 

Compared to the Italian situation, the German case is 

significant and antithetical. In Germany, only 45% of 

citizens own their house and to rent a house according to 

the flexible and variable needs of space in time is much 

more common (Bischoff, O., & Maennig, W. 2011). 

Accordingly, there is a wider supply of these rented 

properties on the market and a concentration of residential 

assets lay in the hands of large private real estate 

companies. 

Italy and Germany represent the two extremes of 

ownership distribution in the real estate market in Europe, 

further underlining the consequent illiquidity related to 

the assets. The property tokenization aims to mitigate and 

make the market more fluid (Latifi et al., 2019, 

Konashevych, 2020a) which in this moment is a 

dichotomy: property or rental, with no options in between. 

In addition to this ontological condition, there is a 

disproportionate complexity in the bureaucratic processes 

for exchanging assets. This is due on the one hand to 

protect both parties against frauds; nonetheless, on the 

other hand it represents a significant obstacle that in some 

cases can override investment opportunities. 

Simplification and innovation of these processes 

guaranteed through asset tokenization can be an 

opportunity that has not been piloted to date even in the 

world of cryptocurrencies where non-fungible tokens 

(NFT) as example associated with the originality 

certification of works of art are emerging. This 

technology is transferable, with the due legal restraints, to 

the proposed tokenization process (Norta et al., 2018).  

The "property token" represents a fraction of the asset that 

defines a new property with a secondary owner, submitted 

to the main one who maintains the possibility to sell the 

entire asset, if needed, repaying the property fragments in 

time. In the meanwhile, the secondary owner or owners 

can capitalize a reduced sum in a profitable investment. 

This has an important social outcome as it opens to small 

and weak investors (e.g. young people, seniors, persons 

with reduced purchasing power) that cannot afford the 

investment of a whole asset. 
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Market rigidity and problem statement  

The proposed approach aims to create a new business 

model that includes aspects of environmental, economic 

and social sustainability, starting from an observation of 

the illiquidity created by real estate assets and market 

conditions. The indivisibility of a property, its high 

market value and its intrinsic rigidity make asset 

investment challenging, in case of both investment and 

disinvestment (Garcia-Teruel and Simón-Moreno, 2021). 

These issues define a stagnant situation and assets remain 

frozen, a guarantee handed down between generations, 

which still excludes the economically less privileged ones 

from the asset market, penalizing at the same time the 

older ones who cannot refurbish their assets due to 

reduced financial resources. These criticalities justify the 

Public intervention through tax incentives and super-

bonuses to relaunch the stagnant market, and at the same 

time, the need for elasticity in the housing market has 

opened the way for innovative commercial operations 

such as Airb&b that removed the third parties between the 

owner and buyer. 

The procedures for buying and selling assets contribute 

unavoidably to the rigidity of the market, even though for 

security reasons. Nevertheless, it is not possible fail to 

take into account the developments in the world of 

decentralized finance (De-Fi), which bases its strategies 

on the robustness of blockchain platforms, and towards 

which the traditional processes of notarization will 

necessarily have to switch in the future (Konashevych, 

2020b). 

Bridging the gap with “Property tokenization” 

The paper proposes an innovative approach called 

"Property Tokenization" (PT) aimed at introducing a 

groundbreaking financial instrument, digital and legally 

effective, which allows the partial transfer of a real estate 

asset while maintaining ownership and exclusive use, 

capable of generating liquidity with an alternative and less 

absolute solution than the sale of the entire asset. The 

generated liquidity could be reinvested in the retrofitting 

and reconversion of buildings in an eco-sustainable 

direction, creating an additional market for this specific 

sector and environmentally improving the building stock. 

Moreover, it could be possible to achieve a social 

sustainability through the reinvestment of part of the 

liquidity in social innovation. The Property tokenization 

could lead to a financial revolution capable of generating 

important economic implications. This may lead to the 

creation of a dynamic property token exchange market 

much like the stock exchange market (Konashevych, 

2020b) 

The possibility of registering the fragmented and 

tokenized assets on a public blockchain, associating them 

with specific smart-contracts that guarantee contractual 

compliance and simplify the process of buying and 

selling, is a necessary however not a sufficient condition 

(Kalyuzhnova, 2018). The digital representation of the 

asset needs to be coherent with the current legal system, 

as currently the Registration on Property Register, which 

is the place where the acts and records related to real estate 

assets are kept, at present doesn’t allow the registration of 

an asset by non-fungible tokens (NFT). 

The process of Tokenization, that could be bound and 

connected to the asset through an extensive interpretation 

of the legal institution of bare ownership, can protect the 

lender against possible frauds through the digital 

technologies (Konashevych, 2020a). The concept will 

involve the Notary Council in representation of the 

notaries, which is now the unique assurance of the 

reliability of property rights for real estates. 

Emerging opportunities with property tokenization could 

be expanded considering the followings processes that 

can become further possibilities:  

 Fractional: by percentage, or even by 

architectural characteristics – owning the larger 

room, the room the a view to the city or the quite 

room etc; 

 time-bound and time-share ownership 

arrangements for new and existing asset stock, 

which are difficult to operationalize. 

The development of the presented framework also aims at 

promoting the digital transition of the cadaster towards the 

implementation of a platform adopting GIS 

(Geographical Information System) and BIM (Building 

Information Modeling) for the building units’ location 

within a digital mapping at urban level with adequate 

levels of detail. This process can be also applicable and 

expandable beyond buildings though covering countless 

built environment assets. 

Methodology 

The technological chain proposed (GIS-BIM-Token -

Blockchain-Smart Contract) for the Property 

Tokenization (PT) concept allows the creation of a 

transparent, digital and accessible chain, aligned with 

European policies (e.g. the Digital Europe Programme) 

and with the evolving management experiences of the 

built environment in Northern Europe (Heiskanen at al. 

2017, Oros, 2016). For example, in the Netherlands, 

Estonia and Finland GIS and BIM systems are used for 

managing the regeneration developments of urban areas 

and projects as well as with respect to the implementation 

of digital authorization processes (i.e. Digital Building 

Permit) (Noardo et al., 2020). 

The "Property Tokenization" project is based on the 

possibilities that blockchain platforms enable in terms of 

programming smart-contracts, i.e. contracts that 

incorporate the if-then type control functions and digital 

agreements between parties (Wang et al., 2019b). Their 

persistence, transparency and immutability is assured by 

the nature of these agreements, verified and recorded on a 

blockchain,. Blockchain platforms can be permissioned, 

if the owner is a single entity that acts as a guarantor of 

the operation, or permissionless, if the operation is 

guaranteed by a network of nodes peer-reviewing each 

transaction (Nawari and Ravindran, 2019). 

Smart-contracts can take the form of exchangeable digital 

tokens in a marketplace if they are fungible in nature, and 

therefore divisible. On the other hand, if they represent a 
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unique asset, such as a work of art or a specific piece of 

real estate, they take the form of non-fungible tokens 

(NFT) and they can be auctioned or traded for their 

uniqueness. (Chirtoaca et al., 2020). 

The design of a comprehensive platform will enable the 

storage and exchange of information between the digital 

tools adopted and their systemic interaction. As first step 

the GIS platform will define geometrically and 

geographically an asset in the digital environment. This 

digital representation of the asset can be associated to a 

BIM model for the detailed compliance definition 

required to guarantee the legal procedure of the asset 

validation for the possible transaction.  

Then a digital fragment of the property can be associated 

to a token with a specific value defined in a smart contract 

and saved in the blockchain to pledge the validation and 

the legal contract between the involved parties (Figure 1). 

 
Figure 1: Digital workflow for Property Tokenization process. 

In the GIS model it is possible to associate alphanumeric 

information of several typologies based on location 

(Wang et al., 2019a). As an example, it is possible to 

double-check the rates of sale of real estate assets 

according to different urban areas, putting in topological 

relation spatial information.  

In Figure 2 the geographical information of the central 

area of Porta Nuova in Milan, Italy, used as example in 

figure 1, is enriched with information related to the asset 

market cost used for the definition of the property specific 

value. The linked information is listed as follows: the 

typology of the buildings, the maintenance status (Centro 

Studi Confartigianato, 2015) the minimum and maximum 

sale values [€/m2] for different building uses and the 

minimum and maximum lease value [€/m2/month] 

(Agenzia delle Entrate, 2021). Moreover, the Property 

Tokenization process could involve areas with different 

market value increasing the attractiveness of areas with 

lower value that can be seen as a profitable investment. 

Thus, the first step performed has been to connect the 

digital map of the territory with the building status and 

real estate value databases to create a system to facilitate 

the information backbone required to check the market 

value of the assets in different areas and define the 

property token values.  

 
Figure 2: Milan development in Porta Nuova, Italy, rates of 

sales [€/m2] depending of the conservation status of the 

houses, offices and garages, and lease value [€/m2/month]. 

The leap in scale from the urban context, where the 

relationships occur between constraints of the territory, to 

the building scale of the asset, can be chased by BIM 

modeling of buildings, allowing a definition of detail at 

the property unit level (Wang et al., 2019a). In this way, 

it is achievable to uniquely control the sizes and 

optionally proceed to an enrichment of the database with 

property related information (e.g., energy certification, 

building logbook, technical reports, ownership 

documents, state of the property, etc.).  

The creation of the database of real estate units within the 

main properties for the subsequent tokenization and 

transactions by saving the current situation and the 

contractual conditions in a blockchain will ensure the data 

transparency and reliability, avoiding disputes or lack of 

information often affecting traditional procedures. This 

could disruptively introduce a paradigm shift in the actual 

management of the asset property exchange where are 

often discovered after years lacks and errors in property 

attribution and boundary definition.  

The interoperability between GIS and BIM allows to 

control at the geographical and building level the 

properties and units creating a recorded land register in an 

immutable and accredited information chain (Ma and 

Ren, 2017). Similarly, the digital models permit defining 

new configurations of any space, optimizing them and 

verifying their compliance with regulations, regarding 

sizes, accessibility, air-lighting ratios, etc. through 

implementable procedures of code checking. In the real 

estate market is frequent to find properties for sales with 

significant non conformities that are sell to unconscious 
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clients. Moreover, during the notarization of the act of 

sale does not take place any control or assumption of 

responsibility of the selling party with respect to any 

unconformity that can be found later on. 

The PT has a strong innovative and inclusive nature, 

proposing a revolution of the management processes in 

the real estate market in a delocalized way. 

Digital innovation of PT 

The digital innovation connected to the development of 

PT encompasses the outline of coordination steps of the 

technologies organized for the creation of a digital 

ecosystem that supports the phases of identification, 

document management and activation of the marketplace 

of tokenization defined for buying and selling properties. 

The platform will offer a range of functionalities in order 

to guarantee maximum efficiency, transparency and 

trustworthiness throughout the procedure to endorse 

assistance for the parties of the transactions and to 

coordinate the digital cadaster. 

The information related to the users participating in the 

network will be structured with a procedure of subjects 

accreditation, property documentation collection and 

verification of the provided data in order to increase 

transparency and truthfulness of the profiles and types of 

proposed properties for the service. In the PT platform, 

the following modules will be hence organized: 

 User master data: creation of master data for the 

identification of participants and for access to the 

blockchain with identifiers and documents 

related to the ownership of the property; 

 Property master data: definition of property 

master data with location, consistency and 

parceling for subsequent segmentation; 

 Digital enabler module: connection of the 

properties to the GIS platform and BIM 

definition of the proposed consistencies and 

segmentations with possible analytics on 

conceivable fragmentation scenarios modulated 

with respect to the needs of the user and the 

marketplace, creation of the associated token, 

organization of the associated smart contract and 

preparation for the notarization in the 

blockchain; 

 Unit/product management: verification and 

archiving of the document checklist, evolution of 

the statuses of the file (i.e. processing, 

verification, location, definition of 

compartments and sales units, association with 

the token and smart contract), statistical 

dashboard for analysis of the units, deeds of sale 

management of the parcels, acceptance\cession 

of the units, generation of the transfers details o, 

invoicing data generation and stocks data saving 

and transactions in blockchain; 

 Energy retrofit module: check list of the energy 

efficiency measures to be implemented and 

detailed assessment of the units and funds for the 

re-investment of shares for the energy quality 

implementation, using BIM-based 

interoperability processes for Building Energy 

Modeling (BEM). 

 Reporting: possibility to operate punctual 

extractions from the different functionalities 

exportable in compatible formats; 

 Data Warehouse: centralization of the data, daily 

extraction of the uploaded data in the platform, 

aggregation process, data verification and 

standardization, monitoring of Key Performance 

Indicators (KPIs) for statistical analysis, 

visualization of the properties in the territorial 

GIS tool for analytics on the involved urban 

areas and the territorial spread of the PT. 

Product eco-innovation 

The project PT intends to encourage investments in 

existing buildings by privileging them over new buildings 

and therefore supporting an extended building life cycle. 

In addition, the possibility of increasing the users’ 

liquidity will allow raising resources to invest in energy 

efficiency retrofitting that will create cost savings during 

the operating life of the building reducing its 

environmental impact. The investments managed through 

the platform will facilitate the crucial purpose of 

promoting energy efficiency and monitoring these actions 

within the digital cadaster. The BIM support could be the 

basis for a data transfer to energy simulation models (Li 

et al., 2020) enabling the evaluation and validation of the 

proposed interventions, thus reducing performance gaps 

between design and implementation, and strengthening 

the return on investment economic analysis and the 

security of the investors. 

Process eco-innovation 

The PT project aims to use the paradigm of digital 

transition to increase the supply chain efficiency 

associated with green real estate investments. The process 

described above about the creation of the digital platform 

for the organization of geographical information such as 

the location, construction, and maintenance status of 

buildings supported by a shared data environment enables 

analytics from the financial and energy point of views. 

This will endorse and sustain the community of users to 

achieve a high level of economic, social and energy 

sustainability (Nguyen, 2016, Adams et al., 2018). 

According to this method, the buildings data becomes 

usable for different purposes related to the digitization of 

real estate assets, the energy efficiency retrofitting and 

will allow releasing investment capacity and supporting 

social inclusion. The participants in the blockchain 

arrangement will consequently create a community 

capable of changing the real estate market, leading the 

creation of sustainable districts also in disadvantages 

urban areas. The creation of a digital land register will 

also pave the way for an innovation at the public 

administrations level in a coordinated way with a public-

private participation. The project proposes an inclusive 

and digital approach to buying and selling processes 

management linked to the refurbishment of the built 

environment, improving also the users’ financial 
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conditions and the existing built environment 

management. The technologies for the acquisition, 

localization, modeling, enrichment of information content 

and data management permit to improve processes that 

have several criticalities and discrepancies considering 

transparency and inclusion. They can also guarantee the 

control of litigation. The driver of innovation is 

tokenization, which is one of the disruptive consequences 

of the blockchain technology. This process pledges to 

convert society towards a vision that encourages the 

process of dematerialization and commercialization in a 

positive sense, creating marketplaces where people can 

value and exchange any item based on a “peer-to-peer” 

trade. Alongside this, the attractiveness of tokens is their 

flexibility of denoting ownership (partial, time-bound, 

etc.) in the present concept of the built assets, helping in 

mitigating corruption, bribery, illegal activity etc. in the 

asset ownership. This system basically allows the 

transformation and representation of transactions of 

resources or objects within a chain of nodes linked to each 

other and unchangeable (Li et al., 2019). Once registered 

on a blockchain, the real estate lot or a part of it can be 

subsequently exchanged and traded. During this process, 

a token is assigned to the lot and registered in the 

blockchain. The tokenization of the real estate market will 

hence revolutionize today's logic and enable access to the 

market by an expanded share of users, improving security, 

adding transparency and traceability, and reducing costs 

for mediators (Li et al., 2019). The tokenization process is 

part of a digitalization agenda that expands the purposes 

and evolutionary possibilities of buildings and cities-

related processes with information infrastructures. These 

permit linking real estate market information to the city's 

development plan, real estate costs in different urban 

areas, energy retrofit interventions that will be an integral 

part of the management of liquidity obtained by the users. 

The proposed innovation is therefore disruptive and 

linked to eco-innovation by supporting efficiency 

processes with a highly inclusive financial instrument. 

Technological and infrastructural assets 

The needed resources that form the backbone of the PT 

project are skills on innovative technologies and sectors 

in the field of digital services, legal and business expertise 

as well as knowledge built in a long and continuous 

research and development on the listed topics of GIS, 

BIM and blockchain. The digital infrastructures to be used 

in the future are mainly cloud services, as well as software 

libraries and APIs. For the development of the prototype, 

it is envisioned that permissionless and public blockchain 

arrangements will be used. This adoption of open 

protocols is justified by the greater solidity guaranteed by 

a widespread and constant peer-review of software, a 

review that private producers, however authoritative, are 

not always able to guarantee. Moreover, these resources 

eliminate the risk of vendor lock-in by producers. They 

are the characteristics of blockchain that, in its ontological 

structure, makes its own: disintermediation, absence of an 

owner or, in any case, of a supreme manager capable of 

resetting the system with an absolute inviolability, 

transparency of the code, diffusion, and impossibility to 

be scaled by a majority group of nodes (Perera et al., 2020, 

Li and Kassem, 2021). 

Results 

The theme of the renovation of the building stock is a real 

and compelling objective, not only to redevelop the built 

environment from an energy efficiency point of view in 

order to achieve the objectives of the Green Deal, but also 

to recover it, supporting the policy of net zero targets and 

zero land consumption (Sustainable Development Goals). 

In Italy, real estate assets represent 80% of the 

investments of the families, for a capital exceeding 6,000 

billion euros (Consob, 2020). The total number of real 

estate units in Italy is 64.5 million, for 12 million 

buildings, and according to the results of the last census, 

more than 2 million of these are in a state of poor or very 

poor conservation, a number that represents about 17% of 

the total building stock (Centro Studi Confartigianato, 

2015). In the period 1998-2019, tax incentives for 

building renovation and energy retrofit activated about 21 

million interventions, triggering investments of over 346 

billion euros, with a burden on the State due to the 

mechanism of tax exemption of these works 

corresponding to 166 billion euros.  

The tax exemption, until the approval of the public 

incentive for energy retrofitting Superbonus (Agenzia 

delle Entrate, 2020), was limited to a percentage lower 

than 100% of the costs, although with the Superbonus 

110%, in addition to the coverage of all the costs, there is 

a percentage for the credit monetization to remunerate the 

advances given by financial institutions. This is a strong 

incentive for promoting renovation supporting the 

historical conjuncture marked by the pandemic; however, 

this mechanism objectively cannot be refinanced in the 

medium to long term. The injection of liquidity that the 

Superbonus entails in the real estate sector is encouraging 

an overall economic recovery, as it can be detected by 

looking at the national GDP forecasts. 

Exploring new forms of financing based on the 

tokenization of real estate assets that can be scalable 

according to their age and that can reduce the government 

intervention is a necessary and potentially a high-impact 

area of research. The advantages for different parties can 

be: 

 the owners can gain access to funds and credits 

without selling important assets, and they can 

sell a minor asset fragment, ensuring the 

ownership and full right of use; 

 the weak investors that can benefit of new 

opportunities to improve their purchasing 

capacity on profitable investments progressing 

in future safety;  

 private financial institutions, which, with 

different and more effective form of assurance 

on loans, could benefit from a review of the 

mortgage institution, helping to solve the critical 

issues arising from the stock of Non-Performing 

Loans (NPL) (Kasinger et al., 2021); 

Page 57 of 605



 the environment, for the common good where 

the existing building stock is renovated and 

revalued, reducing anthropic pressure. 

Economic impact 

The business model proposed by the PT project allows for 

a paradigm modification in real estate investments. In a 

country where the property ownership is at 73% and rental 

properties are at 27%, it is clear that the acquisition of a 

property is considered an investment of particular 

significance for the national residents (Consob. 2020). 

The requested properties are in the majority three-room 

apartments (35%), two-room apartments (24%), four- 

room apartments (24%), 5 or more rooms (23%) and 

studio apartments (5%) (Global Property Guide Europe, 

2021). The main percentage of mortgage requests come 

from married couples (46-45%) and singles (43-35%) that 

invest on housing however they change their needs over 

time with an increasing request of cash liquidity and 

additional income when retired, creating situation of 

fragility of the investors or loan solvency incapacity.  

An economic value analysis is presented in figure 3 where 

the value on of the properties in the northern Italy territory 

is elaborated and visualized on the geographical map 

giving a specific and consistent information about the 

highest value in dense cities. The granularity of the 

information can support the analysis to understand the 

attributable value to the tokens related to properties 

located in specific urban areas or moreover it could also 

enable governments/councils/municipalities to mandate 

and regulate the housing ownership prices through tokens. 

 
Figure 3: Distribution of economic value [€/m2] in the 

northern Italy. 

The project has an ambitious however attainableobjective, 

which is to allow the sale of a building portion of a 

maintaining the complete availability for the owner 

although increasing the liquidity and allowing safe 

investments for other actors with respect to the property 

value over time. The competitiveness of the concept also 

lies in the gross return of the investment, which for the 

residential sector is 7.6% (offices 8.6%, commercial 

11.5%, garages 6.3%) and allows the seller to increase his 

purchasing power and the buyer to invest with a high rate 

of return. 

In Table 1 an example of token value for partial disposal 

(20%) of a property by a 60 years old owner is 

hypothesized based on art. 14 and 17 D.Lgs n. 346 del 

31/10/90 updated by DM 18/12/20 (Agenzia delle 

Entrate, 2020).  

 

Table 1: Example of Property token: partial disposal  

Input Parameters Unit Value 

Asset value € 300’000 

Disposable percentage % 20 

Owner age years 60 

Annual revaluation % 2 

Years of ownership Year

s 

25 

Output parameters Unit Value 

Bare property value € 24’000 

Future property value € 381’468 

Revalued bare property € 61’034 

Estimated revenue € 37’034 

Annual income rate % 9.12 

The calculation shows, as the annual income rate is 

considerably high as investment and the possibility to 

trade partially the bare property and its value changes in 

percentage depending on the age of the owner (Figure 4). 

 
Figure 4: Distribution of bare property value and usufruct 

value related to owner age. 

These assumptions hinged in an exchange platform based 

on GIS-BIM-blockchain technologies will increase the 

transparency of activities, permit the possibility to survey 

the real estate market directions ensuring the security of 

the investment over time and the opportunity to control 

and monitor in real-time the changes in the market by the 

users. Initiatives related to blockchain-based property 

virtual gaming in the US have shown the possibility of 

great involvement by users through digital access to 

homes with a collection of $18M and a valuation of 

$300M (Animoca, 2021), demonstrating a great 

expansion potential for this type of real estate transaction 

management even in a real context with actual social 

beneifts. The credibility of the process and the option of 

the relocated control can enable to implement the 

participation and inclusiveness of the initiative while the 

digitization of real estate will also have organizational and 

commercial spin-offs.  
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Conclusions 

The paper outlines an initial concept involving 

tokenization of assets supported by GIS and BIM 

technologies from an Italian perspective. It is advocated 

that the tokenization of properties in a blockchain 

environment will facilitate the needed flexibility in asset 

ownership arrangements. This flexibility includes 

nonetheless is not limited to the fractional ownership of 

an asset with full rights, fractional ownership of an asset 

with limited ownership-rights, time-bound ownership and 

time-share ownership of an asset. It is envisioned that the 

realization of these arrangements will enable new 

business models to support communities financially, to 

raise funds for the refurbishment/retrofitting of the ageing 

asset stock in Europe, to mitigate the existing housing 

challenges, and to improve the current inclusivity in the 

asset market for disadvantaged groups. This will 

eventually lead to a more dynamic asset ownership and 

use modes catering to different needs and financial 

capabilities, and reliving councils/municipalities and 

governments of pressures for low-carbon retrofitting or 

affordable housing, tying the property tokenization idea 

well with key sustainability goals in the built 

environment. 

GIS and BIM will be integrated and function 

simultaneously in the tokenization as the backbone of 

information needed at the urban and asset level. Their 

combined use will help configure the information to be 

blockchained and controlled in this arrangement to a finer 

detail. This high-level control will enable advanced 

ownership offerings. In time, with the rapid digitalization 

in the built environment, the tokenization idea can be 

expanded to elements other than buildings (e.g. parks, 

roads, trees etc.), where funds raised through tokens can 

be used for environmental, economic and social 

sustainability purposes. It is predicted that the current 

level of technology backbone and asset value knowledge 

is sufficient to operationalize and pilot the PT system. 

With an increased level of control in market directions 

and data analytics enabled through BIM/GIS supported 

token exchange, authorities will be able to make informed 

decisions on the market trends for mandates, caps and 

incentives. This type of asset tokenization on blockchain 

will also provide guarantees against fraudulent and illegal 

activities in asset ownership. In time, a dynamic asset 

token-exchange market can be formed enabling spin-off 

businesses in this area. 

Asset tokenization offers a promising yet disruptive 

alternative to the currently stagnant asset market. As with 

all disruptive arrangements, legal, social, technological 

and management readiness are key concerns to be tackled 

before a real-life implementation of this arrangement. 

Consequently, there is research needed in these directions 

on this promising arrangement of asset ownership and 

use. However, as discussed in the paper and shown in the 

exemplary token exchange scenario, there is the business 

case and socio-economic justification for asset 

tokenization arrangements. 

Beyond the economic sustainability, two additional 

scenarios related to social and environmental 

sustainability by tokenization are proposed. Firstly, 

beyond creating new ways of ownership for the property 

market, it is possible to configure ultimately the use these 

arrangements to mitigate homelessness or housing 

problems, or to create extra income for low-income 

families as part of social sustainability programs. 

Secondly, the token sale can be used to create funds for 

refurbishment/retrofitting of older assets, for example for 

low-carbon emission, which is a major concern in Europe.  
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Abstract 

The presented research project DiCYCLE aims at 

identifying, analyzing and mapping current End-of-Life 

processes in Architecture, Engineering and Construction, 

as well as optimizing these processes for digitalization, 

using Building Information Modeling, blockchain and 

smart contracts. The goal is to create new business models 

and enable sustainable digital design, construction and 

deconstruction workflows that facilitate the reuse and 

recycling of building materials and components along the 

building life cycle.  

Introduction 

The architecture, engineering, construction (AEC) 

industry is facing a number of challenges including the 

slow application of innovative technologies and 

digitalization. For the realization of digital technologies 

and methods in the building life cycle (LC), it is necessary 

to capture processes and workflows in design, 

construction, operation, as well as renovation and 

deconstruction (End-of-Life [EoL]), and to adapt those for 

the implementation of digital technologies. Currently 

available software tools still do not correspond to the 

practices and workflows of the end users, since building 

models, supported by Building Information Modeling 

(BIM-Models), are used mostly phase-based (in design, 

construction and operation) or domain-specific. For a 

BIM-based EoL phase, processes need to be defined, 

standardized and set up for digital tools. 

The presented research project DiCYCLE aims at 

identifying, analyzing and mapping current EoL 

processes in AEC. Optimizing these processes should be 

achieved with the use of BIM, blockchain (BC) and smart 

contracts (SC). The goal is to create new business models 

and enable sustainable digital design, construction and 

deconstruction workflows that facilitate the reuse and 

recycling of building materials and components along the 

LC. Furthermore, identifying relevant stakeholders and 

defining their activities/roles/responsibilities concerning 

the development of the underlying BIM-Model for the 

EoL phase is essential. Ultimately, the goal is to enable a 

transparent, recycling-friendly collection and tracking of 

building materials and building components along the LC, 

thus minimizing and reducing waste materials during 

renovation, deconstruction and demolition.  

On the one hand, DiCYCLE focuses on BIM-Models that 

correspond to the actual state of a building ("as-built"), 

and on the other, on processes and workflows that 

describe both data changes and the finished construction 

work. Therefore, identifying data structures for EoL-

relevant information and linking this data with BIM is 

essential. BC-based technologies will enable the tracking 

and verification of this EoL-relevant data. Hence, SC need 

to be developed in order to track the reuse and recycling 

of building materials and components in an integrated 

digital building model thereby enabling even early EoL 

assessments. In this paper we aim at presenting the 

research project and the associated research question 

dealing with the exploration of necessary fundamentals 

for digital reuse and recycling in the E-o-L phase, 

specifically: How can EoL processes be standardized and 

adapted for digitalization with BIM and Blockchain in 

order to enable optimized reuse and recycling? 

The grounding for the research project is further explained 

in the problem statement, methodology, innovative 

contribution and conclusion. 

Problem statement 

The construction industry is responsible for a significant 

proportion of raw material extraction, waste production, 

as well as CO2 emissions and energy consumption. 

Construction accounts for 40-60% of global resource 

demand (Bribián et al., 2011, Saghafi & Teshnizi, 2011), 

and it has tripled over the period 1970-2017 (Global 

Resource Outlook, 2019). The proportion of building and 

construction waste amounts to 17% in Austria (BAWP 

2017) - including excavated soil even more than 70% of 

the total waste generation - and EU-wide to about 33% 

(Management of CDW in the EU, 2011). CO2 emissions 

from the construction and operation of structures account 

for around 40-50% of global CO2 emissions (WGBC 

2016) and are responsible for around 40% of energy 

consumption (EU Green Deal, 2019), with 5-10% for 

building material production (Herczeg et al. 2014). 

Especially in urban areas, the building material balance is 

relatively even in terms of mass (Brunner 2011). 

Although building material is a finite, scarce commodity, 

material efficiency rarely finds its focus in design – the 

emphasis is more on energy efficiency, despite EU calls 

for the protection of natural capital (EU Green Deal, 

2019). Considering the two terms sustainability and 

Circular Economy(CE)-sustainability: "A development 

that satisfies the needs of the present without jeopardizing 

the opportunities of future generations" (Brundtland, 

1987); CE: "A regenerative system in which resource 

input and waste, emissions and energy losses are 

minimized by slowing down, closing and constricting 

material and energy cycles" (Geissdoerfer et al., 2017) - it 

is striking that when implementing CE measures, the 

resulting environmental impact must also be taken into 

account. However, the increased implementation of CE 
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not only has ecological effects, such as resource 

conservation, reduction of transportation, energy 

requirements for material production and processing, as 

well as resulting emissions (EU RessEff 2014), but also 

economic advantages. 

The construction sector in Austria is responsible for 

around 70% (44 million tons per year) of the total annual 

waste volume. This building and construction waste 

should be recycled if this is technically possible, 

ecologically sensible and not associated with 

disproportionately high costs (AWG, 2002). However, an 

adequate framework for assessment is lacking. Depending 

on the existing masses and volumes of the demolition 

objects, selective dismantling (ÖNORM B 3151) is to be 

carried out as the demolition method. However, 

recycling-oriented separation and collection of building 

and construction waste as well as the assessment which 

components are suitable for recycling or reuse, falls into 

the responsibility of the construction or demolition 

company. Hence, there is an urgent need to increase the 

reuse and recycling potential of building materials and 

components in the building LC and thus reduce the 

consumption of primary raw materials, caused on a large 

scale within AEC. As a result, new processes and business 

models are necessary for the final phase in the building 

LC which would enable 1) the tracking and 

implementation of a resource-saving and ecologically 

optimized value chain from design to demolition (and 

after demolition - in the new building life cycle), and 2) a 

clear definition of relevant models, data and stakeholders. 

BIM for EoL 

Business processes in the AEC industry follow 

established ways of working that are only partially 

suitable for digitalization. There are currently challenges 

in the implementation of BIM and digital technologies 

such as poor software interoperability, data exchange 

problems or loss of information. The main reasons for that 

are the lack of process descriptions, which are 

characterized by numerous different traditional ways of 

working, and as a result don´t allow for sufficiently useful 

and usable implementation. 

While the BIM workflows are problematic for the reasons 

mentioned above, the EoL processes are not even defined 

or standardized in an analogue form and are therefore not 

adapted for digital processes. For example, an automated 

digital connection of LC assessments with BIM would 

enable ecologically and economically relevant parameters 

for resource-optimized building design and thus the EoL 

phase as well. However, this is currently still failing at the 

technical and procedural level (Potrč et al., 2020). 

Akbarieh et al (2020) have conducted an extensive 

bibliometric study on BIM in EoL. They argue that BIM-

based EoL suffers from the lack of a global framework. 

They show problems that are also related to proprietary 

software solutions and thus have a strong influence on the 

degree of EoL digitization.  

The required flexibility between disciplines in AEC is not 

supported in the current most used open exchange schema 

Industry Foundation Classes (IFC). The taxonomy model 

used to define exchange requirements has a very good 

extensive set of terms encompassing components and 

their attributes. However, this schema does not cover all 

necessary requirements of all participants in AEC, 

especially the LC experts - ecological parameters are not 

considered or only to a small extent (Santos et al. 2019). 

Akbarieh et al. (2020) come to the conclusion that the EoL 

phase is not sufficiently taken into account in any BIM 

software. The existing solutions are based on local waste 

management guidelines and the selection of case-specific 

sustainability criteria. This disconnect between BIM tools 

and EoL tools reportedly hinders holistic EoL 

considerations. The missing guidelines for material and 

component databases prevent conclusions from EoL 

considerations, which are already relevant in the design 

phase. An integral schema should be complete and 

support all product and project data from all involved 

disciplines. The focus must be placed on filter and 

interpretation processes, when implementing software 

solutions. This Software solutions should support well-

defined integral model sub-schemas, like the concept of 

Model View Definition (MVD) in the IFC world, and 

provide a solution to the end-user needs.  

Processes and data management 

Standardized processes are required for BIM in EoL - 

which would also enable the implementation of digital 

tools, but currently they do not exist. In the digitalization 

analysis of the construction industry by Woodhead et al. 

(2018), new processes are expected to emerge in the 

future, especially in the manufacturing industry. The 

processes and the associated rules should be developed 

simultaneously in order to be able to exploit the maximum 

technical potential (Succar and Poirier 2020).  The 

constant flow between the "assets", namely the digital 

and/or physical ones with the processes that happen in 

between, should be examined, whereby an "as-is" digital 

model is to be aimed for. For the implementation in the 

EoL phase, the BIM model should represent a Digital 

Twin as much as possible and reflect the last state of the 

physical building - we also use the term "as-is-BIM" 

where appropriate, where all changes made according to 

the "as-planned-BIM" and "as-built-BIM" are included. 

The "as-built" BIM represents a digital model of the built 

reality and the "as-planned BIM" is the resulting model of 

the design phase (Plandata, 2020). Thus, "as-is-BIM" is 

the model that should include all building changes during 

the LC, i.e. those that have taken place from design to 

operation and deconstruction. In practice, "as is" BIM 

models still pose a problem, since BIM models are usually  

no longer maintained after the design phase. "3D Imaging 

Technology" is a commonly used approach for recreating 

"as-is" BIM (e.g. O'Keffee and Bosche 2015), but it 

provides static models where the changes are not 

traceable. For the EoL phase, however, it is necessary to 

have a BIM model that corresponds to the latest data 

status, i.e. "as-built" including all structural changes that 

have occurred up to that point in the building LC. The two 
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ongoing research projects at TU Wien, BIMd.sign and 

FMchain are pursuing this approach, where central BIM 

data management is being developed. Central data 

management means an open database that contains the 

building models and their changes, which are kept up to 

date dynamically, i.e. “as-is”. The DiCYCLE project aims 

at using "as-built" models, but there is also the possibility 

to use developed "as-is" models that were generated after 

the completion of the two projects. 

BC and EoL 

Giorgi et al. (2022) argue that future development and 

research of CE in the EU needs more practices, 

environmental assessment (LCA) and digital supporting 

tools (digital data, platforms, traceability), because of the 

currently fragmented CE strategies and legislative 

frameworks, which focus more on waste management 

than recycling, reuse or resource management strategies.  

Furthermore, in-dept analysis of the EoL phase have not 

been included in many of the performed LCA studies, 

mainly due to the existing lack of information about 

respective data and processes (Giorgi et al., 2018). In 

addition conversation about using blockchain to resolve 

problems in the implementation of BIM (Liu et al., 2021), 

still remain mainly on the conceptual level (Figueiredo et 

al., 2022). 

Figueiredo et al. (2022) name challenges when creating 

sustainable building projects, including management of 

large amounts of data, reconciliation of diverse domain-

specific disciplines, communication failures due to 

numerous project stakeholders and information loss 

during the building LC. They suggest the use of 

Distributed Ledger Technology (DLT) as the plausible 

solution for dealing with such obstacles.  

Blockchain (BC) technology, often referred to as DLT 

was founded by Bitcoin (Nakamoto, 2008) and has since 

become widespread in many industries. While the term 

originally only describes the chained data structure of 

Bitcoin, it is now used for the background technology. In 

the technical sense, DLT enables the decentralized 

synchronization of states. This can be account balances, 

as in the case of Bitcoin, but also other data, where it is 

important for all participants to know the current status. 

The DLT can additionally be used to control state changes 

supported through the use of Smart Contracts (SC) 

(Szabo, 1997). The Ethereum BC (Buterin et al., 2013) 

was specifically designed to run SC and has now become 

the de facto standard. 

In their original form (Bitcoin, Ethereum), BC are open 

networks in which anyone can participate, but where all 

data is also publicly visible. Private BCs, in which all 

participants are usually known (permissioned), stored 

data can only be accessed by these participants, which es 

therefore better suited for use in companies (Wüst et al., 

2017). Unfortunately, many of these deployments have 

not been successful, which may be due to the lack of the 

"network effect" in private BCs. A hybrid solution of SC 

in public networks and private databases that exchange 

data via standardized interfaces can solve this problem.  

There are several examples of how BC can support the life 

cycle approach in AEC (Scott et al. 2021): BC can provide 

full material and energy traceability, enabling the user to 

make predictions for the recycling and reuse of materials 

and goods used in the built environment (Shojaei et al., 

2021); there is usability of BC to increase transparency 

and reliability of data in an Environmental Product 

Declaration (EPD) (Rangelov et al., 2021); end-to-end 

lifecycle assessment availability through the recorded 

metadata of raw materials for the proof of provenance 

from source to construction (Shojaei, 2019); Copeland 

and Bilec (2020) applied RFID, BIM, and BC to provide 

components with an evidentiary trail of data throughout 

its lifecycle, including the potential to integrate with a 

crypto-economic incentive scheme for the recycling of 

assets, with data verified by blockchain; BC for post-

occupancy evaluation, employing BIM as the data 

repository for the built environment asset and BC as its 

corresponding data validator (Di Giuda et al., 2020). 

Research design and methodology  

Grounded in the problem statement, at this initial stage of 

the research project, we pose the following research 

questions: How can EoL processes be standardized and 

adapted for digitalization with BIM and Blockchain in 

order to enable optimized reuse and recycling? 

Figure 1 shows the research design in which the two 

aspects, the procedural and the technical are brought 

together to create the DiCYCLE framework (platform), in 

a later step, which will be further evaluated and optimized 

with regards to both relevant aspects. 

To answer the research question, the focus in this first step 

is on the documentation and investigation of the existing 

value chains in E-o-L and the common business models 

for recycling/use of building materials and building 

components based on case studies (from participating 

partners in the project). Consideration of the legal 

framework/regulations, as well as the 

roles/responsibilities of those involved in the process. For 

this purpose, use cases are examined, compared with each 

other and obstacles and potentials of the future are 

identified. 

In a further step, the DiCYCLE framework will be 

developed as a proof-of-concept (prototyping), that would 

demonstrate the implementation of BIM, BC and SC in 

EoL The project thus represents the continuation of the 

framework developed in the research projects BIMd.sign 

and FMChain for the implementation of BC & SC in 

BIM-supported design (BIMd.sign) and operation 

(FMChain). The innovation of the project lies therefore in 

the integrated perspective of EoL data and processes, their 

coupling with BIM and the verifying / tracking with BC 

and SC along the LC.  

Scenarios for the realization of BC and SC of the different 

business models will be tested and evaluated with test use 

cases from relevant and participating stakeholders in EoL. 

The relevant data for the BIM and SC-supported EoL 

processes (e.g. key performance indicators) will be 

coupled to the design phase (BIM "as-planned") in order 
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to enable EoL predictions in the early stages of design. 

This way, EoL strategies can be derived and can serve as 

design and decision-making tools for building 

owners/investors, strengthening the "circular economy" in 

the construction industry.  

 

 
Figure 1: Research Design DiCYCLE 

 

Innovative contribution 

The business model examined in this research project is 

intended to use BC technology for the EoL phase. The BC 

technology requires a rethinking of the existing 

workflows and can help to use the potential of a BIM 

workflow. BC-supported workflows can increase 

transparency, speed up processes and simplify 

communication by providing real-time insight into data 

changes and facilitating query capabilities for each 

process step or phase. BC and SC can document the 

progress of the processes and the changes in the BIM 

models. The responsibilities and rights of intervention of 

the individual participants are managed by SCs and hence 

the compliance with these process steps is ensured. 

Furthermore, the current BIM model is anchored in the 

BC with a fingerprint. The storage takes place "off-chain" 

in a decentralized data storage (IPFS) - this 

implementation is being researched currently in the 

projects BIMd.sign and FMChain and should also be 

extended to DiCYCLE. In a BIM and BC&SC-supported 

business model for EoL, several advantages over the 

existing workflows can therefore be expected. In addition 

to seamless data and information exchange and automated 

communication steps, the new model will provide all 

users with the most up-to-date data version, track changes 

during building LC and enable faster and verifiable data 

flow. Thus, an optimized EoL value chain would be 

created that would show updated possibilities for 

recycling and reuse in the EoL phase. 

 

The innovation of DiCYCLE lies in the following 

1) the research of new E-o-L processes (business models) 

with BIM, BC and SC and thus the investigation of 

coupling possibilities of different digital technologies. 

New processes and services are being developed for the 

digital design, construction and operation of buildings. 

2) the integration of various relevant E-o-L data with 

BIM, with a focus on data interoperability; striving for 

open data storage in order to cover a broader field of 

application. Common principles and standards for data 

management are observed. Interoperability between 

proprietary and open software solutions and BC is created 

to enable dynamic connection of models and EoL data.  

3) the feedback loop from BIM "as-built" or "as-is" to 

BIM "as-planned", creating a decision support in the early 

design phases for the assessment of EoL value chains in 

the building LC. Ultimately, it serves for reliable life cycle 

calculation and sustainability assessment of buildings for 

sustainable energy and resource management. 

4) a LC-wide framework solution in which the DiCYCLE 

framework is coupled with the ongoing projects 

BIMd.sign, FMChain. A continuous digital data chain is 

ensured through dynamic BIM models that combine static 

building models with processes. All project participants 

are assessed for their model responsibilities and roles. 

5) In order to enable digital working methods for EoL, 

innovative BIM-based approaches, processes, interfaces 

and tools are being developed. 

6) Striving for open solutions and documentation of 

existing processes opens up new possibilities for SMEs in 

the project consortium. On the other hand, the EoL 

process documentation can be used for standardization, 

possibly to support official digital procedures (digital 

approvals or permits, material passports, tendering, 

awards, contract and billing procedures). 

Conclusion 

The research gap that is addressed with DiCYCLE lies in 

the integrative view of E-o-L data and processes as well 

as their coupling to existing BIM databases and verifiable 

processes with BC and SC.  

The research goal is the development of a framework and 

a proof-of-concept for the use of BIM and BC in the EoL 

phase, through the definition of new EoL business 

models, the connection with BIM, and based on this the 

design of SC with BC. The project aims herewith to 

contribute to the CE, by creating new digital business 

models which allow sustainable digitalized construction 

and design processes enabling reuse and recycling of 

building materials and components at the end of the life 

cycle, and furthermore clearly defining those responsible 
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for the model and their roles. The expected results include 

in this first step, referring to the posed research question: 

1: Documentation of the value chain in EoL 

The documentation is carried out by identifying typical 

processes in deconstruction and in the reuse and recycling 

of building materials and components, as well as waste 

management (disposal), with the help of case studies and 

ongoing projects of the project partners in the consortium. 

The identification of the EoL relevant parameters is also 

part of this goal, and from this the derivation of 

requirements for data management, data structures and 

software tools for EoL processes. 

In the further steps in the project, the following results are 

expected: 

2: New business models (BM) and scenarios for EoL 

New BMs are developed and an implementation of these 

with BIM and SC is examined. The existing value chain 

of building materials/components in the building life 

cycle and the impact on the EoL phase are taken into 

account. Various scenarios for digitizing the EoL 

processes are formed from the designed BMs. Necessary 

adjustments of BMs are identified to enable later 

implementation. Processes, data flows and interactions 

are developed and formulated as BPMN (Business 

Process Modeling Notation). 

3: Definition of an integral framework for EoL processes 

The potential for standardization and automatization of 

existing workflows/processes is reviewed and, in 

conclusion, the requirements and implementations for  SC 

application in EoL are identified, which would enable a 

more efficient and transparent value chain in the 

buildings´ LC (CE). The goal is to embed identified EoL 

parameters and data structures/databases in BIM as well 

as enable accessibility from the BC and SC side. The 

possibilities of referencing BIM models and/or individual 

information in BC and SC are thus reconciled and the 

optimal approach is determined. Based on the formulated 

BMs, the defined SCs and the BIM-EoL-based data 

management, test cases (prototyping) are to be 

formulated, evaluated and optimized in terms of 

feasibility, usability, functionality and scalability. At the 

necessary points, the DiCYCLE framework will also be 

expanded and improved with the findings from the 

BIMd.sign and FMChain projects in order to be able to 

better map and optimize the framework of the EoL 

relevant processes 

It has be to mentioned, that the effects of a more efficient 

and qualitatively better BIM-supported EoL process, 

which is coupled with SC and BC, is currently difficult to 

quantify. New technologies and tools require greater 

integration of the processes and participants in a 

building`s LC, but design and construction processes, for 

example, are still sequential and very fragmented. 

Renovation and deconstruction processes are not yet 

standardized or adapted for digitalization. Currently 

existing poor software interoperability, missing links or 

integration of data for EoL with BIM are also difficult to 

quantify. The integral overall optimization intended with 

this research project, through the application of digital 

technologies in EoL, through testing, evaluation and 

optimization based on use cases and the proof-of-concept, 

promises an empirical recording of the potentials that can 

be achieved with these technologies in the LC of a 

building. Hence, DiCYCLE aims at offering promising 

solutions such as transparency, tracking of process steps 

(protocol), real-time communication; and thus creates a 

scientifically sound contribution to the digitalization of 

the value-added processes of the circular economy in the 

AEC industry. 
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Abstract 

Contractors strive to generate profit from utilizing the 

available resources. This paper introduces a hybrid model 

of Discrete Event and Monte Carlo Simulations using 

SIMPHONY Software to model the operational 

interdependencies of the construction projects at the work 

packages level using the common pool of resources. The 

developed model considers organizational financial and 

equipment resources to help contractors forecast the 

optimum number of projects to bid for at the planning 

phase. A case of Bid/No-Bid in building houses is used to 

validate the model. The main contribution is in the 

methodology of applying operational techniques in 

making strategic decisions. 

Introduction 

Countries offered affordable housing for equality. These 

housing projects are a good opportunity for contractors to 

profit. While, selecting the number of projects to bid for 

is affected by multiple factors, the main goal of a 

contractor is to successfully deliver the project to 

maximize the generated profit. Preparation for the 

upcoming bids consumes time and money; contractors 

seek to award the maximum available bids without 

crossing their capacity limit, which is the optimum 

workload level (number of project). Contractors might 

exceed this optimum value while trying to avoid losing a 

chance for profit. Hence, contractors in a need for a model 

to assist this crucial and strategic decision.  

Contractors mostly work on concurrent projects using the 

same resources including cash, that is another constraint 

for the decision. Though, avoiding overutilization and 

underutilization of resources drives organization cash 

performance. This work considers the conflict between 

concurrent projects, limited capacity, and maximizing 

profit. The aim is to support decision-makers in such 

limited time with multiple constraints environment. This 

will help in maintaining higher returns from their 

investment.  

Problem Statement 

In a complex and uncertain environment like construction 

projects, decisions can be very risky with significant 

consequences. They can put companies in negative 

outcomes like financial distress. In this context, the 

problem captured by this work is to facilitate the decision 

process in such dynamic and complex environments as 

construction projects. This decision process is aiming to 

maximize the profit return from the investment of the 

company’s fixed resources. The more assigned projects, 

the higher the return, and the more conflicts and 

obligations. Hence, it is important to find the optimal 

number of projects that give higher returns while 

eliminating conflicts arising from managing these 

projects. To model this problem, Discrete Event 

Simulation (DES) and Monte Carlo Simulation (MCS) are 

used and coded on SIMPHONY.4.6.0.329 software. 

The model is validated using a case of a construction 

company in the process of deciding how many projects to 

bid for in a new mega project of building affordable 

houses. This project has a scope of building 100 houses in 

a new city and is going to be launched in June 2022, and 

the government is planning to deliver it in one year.  

The company has limited resources available for this 

project and wants to maximize profit from these 

resources. The more assigned and successfully delivered 

projects within the time, the more profit the company will 

gain. Hence, this model is going to answer the question of 

“How many projects the company can bid on to maximize 

the return from its resources?”. 

It is worth to mention that, this work is not attempting to 

study the factors affect the bidding decision such as the 

suitability of project to the organization portfolio nor the 

competition environment of the bidding phase. 

Literature review 

Bidding for a project is a multi-dimensional problem, and 

has been investigated from various perspectives: interest 

of the company in the project to Bid or Not, the 

competitiveness of the company and its ability to win the 

bid, and from the profit point of view. First, the interest of 

the company is based on the matching of the company's 

business model and project characteristics. For example, 

(Leśniak, Kubek, et al. 2018) developed a model based on 

fuzzy tools to boost decision makers’ efficacy in taking 

bidding decisions. In the same context, (Bagies and 

Fortune 2006) provided a study to improve the evaluation 

of construction projects in the preliminary phase to help 

decision-makers whether to bid or not for a specific 

project. Also, the factors contribute to companies' 

decisions to bid or not are investigated in different 

countries, like Nigeria (Oyeyipo, Odusami, et al. 2016), 

and Saudi Arabia (Alsaedi, Assaf, et al. 2019). 

Second, the competitiveness of the company in the market 

was surveyed in several studies. (Orozco and Serpell 

2010) did a survey to extract factors and sub-factors 

responsible for contracting organizations' 

competitiveness. They developed an indexed model to 

evaluate the company’s competitiveness through the 

surveyed factors. Another key study was done by (Tan, 

Xue, et al. 2017) to evaluate contractors’ competitiveness. 

They studied the management style of the main contractor 
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relationship with subcontractors. They divided the 

relation into four categories: adverse, compete, 

collaborate, and partners. They found that a win/win 

partnership in a long-term relationship is highly 

recommended for both parties. 

Finally, profit margins affect contractors’ competitiveness 

by contributing to projects’ price. Cost and competitive 

profit margin are be estimated at the early stages of 

tendering phase by different tools, for example, artificial 

neural network  (Matel, Vahdatikhaki et al. 2019).  

One of the widely used approach to assess decision-

makers is modeling and simulation. This method has been 

widely utilized in the construction industry as an example 

in developing more reliable plans, optimizing usage of 

resources, minimizing total project cost and duration, and 

improving the overall performance and productivity 

(AbouRizk 2010). 

There are different approaches to model construction 

projects. One of the widely used approaches is DES that 

used to model cyclic operations and for analyzing 

complicated construction systems (AbouRizk and Hajjar 

1998). DES modeling is used to analyze operations with 

certain specifications. And experiment with different 

alternatives of the project by manipulating different 

resources used in carrying out different tasks and 

activities within the project. Also, it replicates multiple 

runs to converge the results to a confidence interval 

(Schriber, Brunner, et al. 2013). 

In this approach of modeling, the modelers are concerned 

with important events like starting or ending of activity. 

For ease of handling and saving time and effort in 

experimenting with these models, they are coded using 

computer programs. One of the most successful 

simulation software is SIMPHONY. It was developed in 

1996 to help in developing complex models with an easy 

and friendly user interface (AbouRizk and Hajjar 1998). 

Also, Simphony.NET was developed in 2002 and it is a 

modeling environment to design a model by utilization of 

icons that represents resources used within a project and 

how they are used between different activities (AbouRizk 

and Mohamed 2002). A further great development was 

introduced in the computer simulation world by 

developing Simphony.NET 3.5 (AbouRizk 2010).  

Simphony.NET was utilized by (Mohamed, Jafari, et al. 

2017) in Snow removal operations, for example. They 

used sensor data of weather, truck speed, and other data to 

simulate fame work for real-time planning of snow 

removal operations. Also, (Hu and Mohamed 2013) 

utilized it in Industrial construction projects in the 

planning process to be capable of dynamic planning based 

on upcoming constraints. These models are utilized to 

help decision-makers in choosing the best fit scenario for 

the case constraints and within its stochastic environment. 

DES is integrated with MCS to model variability 

(uncertainty) in construction projects. As an example 

(Peleskei, Dorca, et al. 2015) estimated the cost of 

construction projects using MCS. Also, (Namazian, 

Yakhchali, et al. 2019) integrated MCS with Bayesian 

Networks Methods in predicting Projects completion time 

under Risk. 

Input modeling and assumptions 

The model as previously mentioned coded using 

SIMPHONY software and utilizing DES and MCS to 

represent the stochastic behavior of construction projects 

and capture the interdependences between the resources 

and activities acquiring it. Inputs for this model are 

represented in the company resources and available 

amount of liquid cash. In addition, the strategy the 

company is established to be competitive in the market. 

The model utilized the previously mentioned inputs to get 

the optimum workload (the expected number of projects) 

while maximizing the profit from investing these assets. 

Some assumptions shape the model behavior. These 

assumptions are: 

● Scheduled maintenance is supposed to be done after 

the activity finish and takes one day with cost varied 

uniformly from a cost of one to 8 hours. 

● Maintenance at failure, the equipment is supposed to 

break down using an exponential function with a 

mean of (30) hours. 

● The company will receive cash in monthly payments. 

● The company wants to maximize its profit by bidding 

on the maximum number of projects. 

● The general layout of a mock project is available. 

● The design has an expected delivery time, a minimum 

of 2 days, and a maximum of 8 days.  

● The company is expected to have net profit ranging 

from 5% to 10%. 

● The maximum waiting time for any activity to be 

started is one week. 

● The moving entity in the model is the number of the 

ongoing project. 

● Overtime is applied when slippage in activity 

duration is exceeded 20% of the planned time. 

● The calendar is 5 days per week and 8 hours per day. 

● Delay of any activity due to resources is not 

exceeding 40 hours. 

 

Model layout and description 

General 

The model consists of three main parts. The network of 

project activities as shown in Figure 1 is the first part, 

which is responsible for organizing the flow of model 

elements and the emerging behavior. The second part is 

resources, which represents both the available resources 

of the company and other outside sources if needed as 

shown in Figure 2. All the resources are in one pool called 

company resources. Any task acquiring resources from 

this pool is served on a first in first out basis. The third 

part is the cash flow and checking points to find if the 

company is under-utilizing its resources or if the resources 

are over-utilized to get the optimum load (in this model is 
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the number of projects to bid for) based on this 

combination. 

 

Figure 1 Network Diagram 

 

Figure 2 Company pool of resources 

All these parts are integrated into each activity of the 

project. For example, the activity “A” in the network 

Figure 1 is presented in Figure 3. It starts with setting the 

time of the ongoing activity to be used in further 

calculations either inactivity duration or slippage time. 

Then the required resources for this activity are captured 

from the company resource pool shown in Figure 2. After 

that, the activity is going into a cycle of working and 

checking if it’s done or not.  

Because of the limited space of the paper, the full model 

couldn`t be presented but, Figure 3 captures the workflow 

of project activities. It shows that after the completion of 

one activity, the depending activities will start. In this 

model, the productivity is simulated using a loop that 

adding a portion of the quantity every step to the total 

finished quantity of that activity; then every step check if 

the required quantity of the activity is achieved, then 

move the entity to the next activity, else holding it till the 

required quantity is done. 

Productivity variation 

Crew productivity is not a fixed value. It always changes 

depending on many variables such as motivation, training, 

management, and other factors. The time to complete a 

given quantity is changed randomly every one hour of the 

simulation time to capture the variability in productivity. 

The productivity in the model is measured in quantity per 

hour; hence the hours required to finish the portion 

(quantity per step) is changing randomly every step and is 

chosen to have a minimum of 0.75 hours and a maximum 

of 1.25 hours. This cycle is shown in Figure 4. 

 

Figure 3 Model Workflow 

Page 71 of 605



 

Figure 4: Productivity Loop  

In this loop, Figure 4, the activity with stochastic 

productivity having an upper and lower bound to 

represent workers' duration in doing the activity. While 

the counter is accumulating the finished quantity. This 

finished quantity is sequentially checked in the 

conditional branch to find if the activity is completely 

done or needs more time. 

Schedule slippage and response 

The model can detect if there is slippage in the schedule 

or not. This is done by comparing between simulation 

time of the activity and the real-time of this activity as in 

Figure 5. 

 
Figure 5 Testing Schedule slippage 

In Figure 5, “Counter 18” is calculating the real-time, and 

“Execute9” is determining if the project time (the 

consumed time by activity) is greater than the real 

consumed time, hence the overtime is activated to 

eliminate the wasted time. “SetAttribute14” and 

“Counter34” are updating the above-mentioned elements 

with the project in progress i.e. the number of projects is 

progressing now. Finally, the model can experiment with 

maintenance activities either schedule it after the usage of 

equipment or schedule it after equipment failure. The 

failure rate is simulated using an exponential function 

with a mean of 30 hours as mentioned in the assumptions. 

The mechanism is shown in Figure 6. This mechanism is 

working by checking whether the equipment has been 

utilized, if so, the mechanism is scheduling upcoming 

maintenance after equipment utilizing hours based on the 

failure rate. 

Figure 6 Maintenance at Failure Mechanism 

validation and verification 

The model is validated by: first, expert opinion that 

analyzes the structure of the model, variables range, initial 

conditions, and its behavioral response from a case study. 

Second, by applying the model on a case of a contracting 

company deciding on Bid or Not in a mega project of 

building 100 houses to maximize its profit. 

Case study 

The case utilized in this paper represents a construction 

company specialized in building houses of around 2200 

square feet (sq ft) with a cost of around $200 per sq ft. The 

company is facing a decision-making problem in 

choosing the number of projects to bid on in a new mega 

project. This project is building 100 houses in a new city 

and is going to be launched in June 2020 and the 

government is planning to deliver it in one year. The 

company has limited resources available for this project 

and wants to maximize profit. The more assigned and 

completed projects on schedule and to an acceptable 

quality, the more profit the company will gain.  

The project has some constraints that decide to determine 

the number of houses the company should bid on more 

complex than are mentioned previously in the 

assumptions. In addition, the final design of each house is 

different from others. While a mock design is available. 
Table 1 Company Resources 

Equipment Quantity 

FE Loader 2 

Grader 2 

Steel wheel roller 2 

Dozer 2 

Excavator 2 

Grout Pump 2 

Hydraulic crane 2 

Concrete pump 2 

The model is tested to represent the relations with the 

fixed durations given from the mock project shown in 

Table 2. Then the quantities, resources, and cost of 

resources are estimated using the RSMEANS based on the 

given fixed duration of each activity. Quantities were 

back-calculated from durations based on production rates 

in RSMEANS(2006). These estimated resources, 

quantities, and costs are utilized in the model. After that, 

the model is tested to check that duration and budget are 

mapping the given plan. Finally, Monte Carlo Simulation 

is utilized in the model to represent the stochastic reality 

of crew productivity variability and equipment failure. 
Table 2 project Work Breakdown Structure 

Code Task Name Duration Predecessors 

0 Mock project 104 days  

1 Site Work 6 days  

2 Clear Lot 3 days  

3 Rough grade lot 1 day 2 

4 Excavate for foundation 2 days 2,3 

5 Foundation 19 days  

6 Layout footings 1 day 4 

7 
Dig Footings & Install 

Reinforcing 
1 day 6 

8 Footing Inspection 0 days 7 

9 Pour footings 1 day 8 
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Code Task Name Duration Predecessors 

10 Build Block Foundation 15 days 9 

11 Foundation Certification 0 days 10 

12 
Waterproofing and Drain 

Tile 
1 day 11 

13 Rough Carpentry 30 days  

14 Set Steel 1 day 12 

15 1st Floor Deck Framing 4 days 14 

16 1st Floor Wall Framing 4 days 15 

17 Set Roof Trusses 2 days 16 

18 
Frame Roof and 

instalments 
12 days 17 

19 
Frame Basement and 

holding blocks 
7 days 18,23 

20 Concrete Slabs 6 days  

21 
Basement Slab 

Preparation 
2 days 15 

22 Slab Inspection 1 day 21 

23 Pour Basement Slab 1 day 22 

24 Prep Garage Slab 1 day 23 

25 Pour Garage Slab 1 day 24 

26 H.V.A.C. 9 days 25 

27 Plumbing Rough-in 8 days 15 

28 
County Plumbing 

Rough-in Inspection 
0 days 27 

29 Electric Rough-in 19 days 18 

30 Specialty Rough-ins 5 days 29 

31 
County Framing 

Inspection 
0 days 30FS+1 day 

32 Roofing 8 days 18 

33 Insulation 5 days 31 

34 Finishing and cleaning 26 days 33 

35 
Final Building 

Inspection 
0 days 34 

Scenarios 

The model is built to abstract different scenarios in 

dealing with upcoming projects to facilitate the decision-

making process and maximize the return while 

experiencing the best utilization of resources. In addition, 

helps in deciding how many projects the company can 

manage simultaneously with the same pool of resources. 

The resources of the company from equipment are 

modeled to be fixed with quantities mentioned in Table 1. 

Then four scenarios are simulated. The first one is 

scheduling maintenance of working equipment after 

every completed task is done using this equipment with 

one shift working hours. The second scenario is utilizing 

overtime when needed to overcome the slippage in the 

schedule. The third scenario is the maintenance of 

equipment at failure with one shift of labor working hours. 

The fourth one is utilizing overtime with maintenance at 

failure. These different scenarios are tested to get the most 

profitable policy for the company. Finally, experimenting 

with the model to get the number of projects that the 

company can handle using its resources and within the 

other constraints mentioned before. 

Output analysis 

The four basic scenarios are utilized first to have a vision 

of how the project performance will be based on the 

company management style and productivity of labors. 

The results of the four scenarios are shown in Table 3. 

From the results of one run, it`s clear that utilizing 

maintenance at failure will reduce the cost of the project 

but on the other hand, it will increase project duration 

because of progress interruptions due to equipment 

breakdown. The cost in scheduled maintenance is higher 

by 11.59% than maintenance at failure in one shift and by 

taking the overtime effect; it will be still higher but by 

5.4%. Time in scheduled maintenance is less by 5.4% than 

the maintenance at failure, while after taking the effect of 

overtime the percentage will be reduced to 2.3%. The 

model is then tested with 1000 runs for the same scenario 

to get the convergence and confidence of results. The 

mean result of 1000 runs revealed that applying the 

strategy of equipment maintenance at breakdowns is 

increasing the schedule but also, decreasing project cost; 

the benefit from this strategy is cost reduction. On the 

other hand, applying overtime to control the schedule 

slippage will increase the cost but another side is 

maintaining approximately the same duration of the 

project. Hence, the company is decided to strictly utilize 

over time in activities that will face delay more than 20%; 

also, will utilize maintenance at the failure to benefit from 

the reduced project time. This strategy is applied 

considering other constraints and assumptions mentioned 

above to answer the main question “How many projects 

could the company bid on to maximize the benefits and 

best utilization of resources?” 
Table 3 Time and Cost of One Project 

Scenario 

One Project_ One 

Run 

One Project_ 

One Thousand 

Run 

Cost ($) 
Time 

(hour) 

Mean 

Cost ($) 

Mean 

Time 

(hour) 

One shift _ 

Schedule 

Maintenance 

217,875 999 220,000 998 

Overtime _ 

Schedule 

Maintenance 

233,634 988 235,000 999 

One shift _ 

Maintenance 

at failure 

192,617 1,053 200,000 1,035 

Overtime _ 

Maintenance 

at failure 

219,032 1,016 221,000 1,000 

By utilizing what-if scenarios, the first trial was what if 

the company applied for 40 projects? Is it will possible 

with the limited equipment? Will enough cash be 

available to push the project forward? 

All trials are illustrated in Figure 7 and Figure 8. By 

analysis of these results, it is found that for 40, 30, and 20 

projects the time to finish these projects will be more than 

1920 working hours i.e. more than one year. That violates 
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the government's constraints of delivering the whole 

project in one year. Then, by analyzing the 10 projects’ 

case, it`s clear that all constraints are met but there is 

abundance in the time of the project in addition to the 

waiting time of activities to resources. At the point of 15 

projects, the duration is within the limit of one year, but 

the waiting time has exceeded the limit of one week (40 

hours). So, the number of projects decreased to be 14 

projects. All conditions are met at the point of 14 projects. 

Hence, the company can bid on 14 projects to maximize 

utilization of its resources. 

 
Figure 7 Number of projects with their total hourly durations 

 
Figure 8 Number of projects with a maximum waiting time of 

activities for resources 

Conclusions 

Construction projects are managed in a dynamic 

environment with nonlinear interrelations between 

activities and resources. The uncertainties regarding 

project outcomes increase the complexity of the decision-

making process. In such environment, decision-making 

based on mental models will lack sophistication and will 

lead to sub-optimal outcomes. Hence, the presented 

model enables decision-makers to simulate strategic 

decisions. Results prove that this model helps decision-

makers to map their mind and clear their vision to make 

the best decision within interdependent constraints. Also, 

the results revealed that the feedbacks from changes in the 

nonlinear interrelations between activities cannot easily 

be estimated using traditional tools like the Critical Path 

Method or Program Evaluation Technique.  

On the other hand, this model exhibit limitations such as 

excluding the competition in the bidding phase that can be 

eliminated in future researches. In addition, the 

methodology of DES is limited in representing the full 

dynamics of construction behavior and would be 

enhanced by a hybrid DES and continuous simulation. 

Finally, the limited policies tested are another limitation 

in this model. 

This model could have further improvement by utilizing 

continuous simulation with DES to fully capture the 

project behavior, and by utilizing the Markov chain to 

represent the productivity of crew in different working 

hours. 
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Abstract 
Successful flood recovery and evacuation require access 
to reliable flood depth information. Most existing flood 
mapping tools do not provide real-time flood maps of 
inundated streets in and around residential areas. In this 
paper, a deep convolutional network is used to 
determine flood depth with high spatial resolution by 
analyzing crowdsourced images of submerged traffic 
signs. Testing the model on photos from a recent flood 
in the U.S. and Canada yields a mean absolute error of 
6.978 in., which is on par with previous studies, thus 
demonstrating the applicability of this approach to low-
cost, accurate, and real-time flood risk mapping. 

Introduction 
Flood patterns have been altered in many parts of the 
world due to the change in climate and the resulting 
change in hydrological cycles (Bowes et al., 2021; 
Alfieri et al 2017; Ward et al 2014; Arnell and Gosling 
2016). Between 2015 and 2020, an annual average of 
16.2 climate disasters were reported in the United States 
(Smith, 2021). In November 2021, for example, a major 
rainfall event spurred a series of floods in northern parts 
of the U.S. state of Washington and southern parts of the 
Canadian province of British Columbia. In British 
Colombia, this flood caused record-breaking insured 
damage of $450 million (Insurance Bureau of Canada, 
2021). Moreover, at least 500 people were displaced, as 
estimated by the Center for Western Weather and Water 
Extremes (CW3E) (2021). 
The current practice of flood mapping involves logging 
the variation in flood depth at the location of pre-
installed stream gauges primarily in riverine areas. 
However, it is equally important to identify and map 
flood-inundated roads in and around residential areas 
because disruptions in the road network can severely 
hamper access to shelters and the movement of goods 
and services during and after a flood event (Arabi et al., 
2021), as well as compromise the safe evacuation of 
residents and motorists (Gebrehiwot et al., 2019). A 
significant number of flood-related deaths belong to 
motorists who attempt to cross inundated roads while 
underestimating flood depth and water velocity (Federal 

Emergency Management Agency, 2007; Sharif et al., 
2012). Data from the U.S. state of Texas between 1959 
and 2019, for example, reveals that there were 570 
vehicle-related flood fatalities during this period, 
accounting for 58% of total flood fatalities (Han and 
Sharif, 2020). In Texas alone, it is estimated that 93% of 
flood-related fatalities occur as a result of walking or 
driving through flooded roads (Sharif et al., 2015). 
Flood risk management has gained increasing interest in 
recent decades due to the emergence of advanced 
technologies including light detection and ranging 
(LiDAR), synthetic-aperture radar (SAR), and satellite 
imagery (Mishra et al., 2022). However, the high 
operational cost, adverse weather conditions, and 
variations in surface topography limit the application of 
these technologies (Stone et al., 2000; Cross et al., 2020; 
Forati and Ghose, 2022; Kamari and Ham, 2021). In 
addition, most such tools and resulting data are not 
readily available to the public during a flood event. 
Current public resources for acquiring immediate flood 
depth information use data transmitted by stream gauges 
near rivers and coastal areas (Lo et al., 2015). These 
gauges need to be frequently calibrated and maintained. 
Moreover, due to their limited number, resulting flood 
depth data lacks spatial granularity sufficient for 
decision-making along local evacuation roads and in 
residential areas.  
Recent advancements in artificial intelligence (AI) and 
image processing have provided new opportunities for 
estimating flood depth from user-contributed photos. In 
this research, photos depicting submerged stop signs are 
of interest because stop signs (and in general, traffic 
signs) have standardized shapes, colors, and sizes, and 
are omnipresent in many residential neighborhoods, 
making them ideal measurement benchmarks. A deep 
learning model is utilized to detect stop signs in street 
photos and measure the length of the visible part of the 
submerged pole. Next, flood depth at the location of the 
stop sign is calculated by comparing the pole length 
before and after the flood. Using this approach, users 
(i.e., residents, search and rescue teams) can rapidly 
estimate water levels in their surroundings, and use this 
information to identify safe transit routes. The method 
is generalizable to a wide range of stop sign images 
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regardless of the geographical region, as long as the 
shape, color, and dimensions of these signs are 
standardized by corresponding traffic authorities. 

Methods of implementation 
According to the Manual on Uniform and Traffic 
Control Devices (MUTCD) (Federal Highway 
Administration, 2004), regulatory stop signs in the U.S. 
have standardized width and height of 30 inches on 
single-lane roads and 36 inches on multi-lane roads and 
expressways. The scope of the research presented in this 
paper is residential areas, and therefore, stop signs with 
30 inches height and width are of interest. Due to their 
standardized size, stop signs can be used as a benchmark 
for measuring flood depth if both pre- and post-flood 
photos of the same stop sign are available during 
analysis. In a nutshell, given the height of a stop sign in 
an image measured in pixels (𝑆) and in inches, a ratio of 
pixels to inches can be calculated, and subsequently 
applied to the pole length in pixels (𝑃) to calculate the 
same length in inches (Figure 1). By subtracting the 
visible parts of the pole in pre- and post-flood photos, 
flood depth is approximated at the location of the stop 
sign.  

 
Figure 1: Pole length estimation by comparing the number of 

pixels corresponding to sign and pole components 
For visual recognition of stop signs and their poles in 
pre- and post-flood photos, the You-Only-Look-Once 
(YOLO) model is utilized which is a fast object detector 
that predicts bounding boxes and class probabilities in 

one round of image evaluation using a single neural 
network (Redmon et al., 2016). Compared to other 
object detection models, YOLO can perform in real-
time, as measured by the number of frames per second 
(FPS), with relatively high accuracy and less 
computation cost. For example, RetinaNet-101-500 (Lin 
et al., 2017), R-FCN, SSD321 (Liu et al., 2016), and 
DSSD321 (Fu et al., 2017) yield mean average precision 
(mAP) of 53.1% (at 11 FPS), 51.9% (at 12 FPS), 45.4% 
(at 16 FPS), and 46.1% (at 12 FPS) on the Microsoft 
COCO dataset (Lin et al., 2014), respectively. The 
YOLOv4 proposed by Bochkovskiy et al. (2020) is the 
latest official version of the model and can achieve a 
mean average precision (mAP) of 65.7% at 65 FPS on 
the Microsoft COCO dataset. In this research, the 
pretrained YOLOv4 model on the Microsoft COCO 
dataset is initially selected which can detect 80 object 
classes including stop signs. Using transfer learning 
(Han et al., 2018; Tammina, 2019), all pre-trained 
weights are kept unchanged, except for the last three 
YOLO layers which are trained on an in-house dataset 
of annotated stop signs and poles. 
The architecture of the YOLOv4 model is illustrated in 
Figure 2. The cross-stage-partial-connections (CSP) 
network along with the Darknet-53 (Wang et al., 2020) 
serve as the backbone of the model for extracting 
essential features from the input image. The neck 
comprises a spatial pyramid pooling network (SPP) (He 
et al., 2015) that runs from bottom to top, as well as a 
path aggregation network (PANet) (Liu et al., 2018) that 
runs from top to bottom. The neck enables the collection 
of feature maps from the last three stages of the 
backbone. The head of the YOLOv4 model is similar to 
that of the YOLOv3 model which outputs the 
coordinates, and the width and height of predicted 
bounding boxes using the feature pyramid network 
(FPN) (Lin et al., 2017). The input of the model is a 
single image with the resolution of 320 × 320 × 3 
(height × width × RGB channel), while the output 
consists of predicted bounding boxes over two classes, 
namely stop sign and pole. 

Figure 2: Architecture of the YOLOv4 model 
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Training data description 
An in-house dataset is created for model training 
including pre-flood and post-flood photos of stop signs 
in different languages (e.g., English, Spanish, French, 
and Arabic). The training set for pre-flood photos 
consists of 334 photos of stop signs extracted from the 
Microsoft COCO dataset excluding images in which 
either the sign or pole is not fully visible. The training 
set for post-flood photos includes 270 web-mined 
photos. Web-mining is conducted in social media using 
relevant keywords such as “flood stop sign” and their 
translations in other languages. Stop signs and their 
poles are subsequently annotated in all photos. Training 
the deep learning model on stop signs in various forms 
and languages may result in learning overly detailed 
features potentially leading to false detection of other 
traffic signs that are visually proximal to stop signs. To 
resolve this problem, the training set is further enriched 
with images of other traffic signs with no annotations 
(zero label). In particular, 71 web-mined post-flood 
photos and 61 pre-flood photos of zero label are added 
to the training set, to allow the model to learn distinctive 
features specific to stop signs while avoiding detecting 
other traffic signs.  
To balance the training set with respect to the number of 
pre- and post-flood photos, synthetic data augmentation 
is conducted by manually generating synthetic images. 
Synthetic image generation has been widely used as a 
method of data augmentation in past research (Hu et al., 
2021; Tremblay et al., 2018; Shaghaghian and Yan, 
2019). For the post-flood subset, 64 synthetic photos are 
generated using photo editing tools by collecting post-
flood photos of other traffic signs and replacing the signs 
with stop signs. Newly added synthetic data are 
annotated in the same way as annotating real images of 
stop signs. 

Model development 
The model is trained on the in-house training set over 
4,000 iterations using a learning rate of 0.001 with a 
batch size of 1 and subdivision of 64. The Adaptive 
Moment Estimation (Adam) method (Kingma and Ba, 
2014) is used to accelerate model optimization by 
choosing a separate learning rate for each parameter 
(Ruder, 2016). As a validated algorithm for first-order 
gradient-based optimization of stochastic objective 
functions, Adam Optimizer works best for sparse input 
data and has low computation cost and high productivity 
(Sharma et al., 2019). The backbone of the object 
detection model (Darknet-53) is built in Windows on a 
Lenovo ThinkPad laptop computer with 7 cores, 9750H 
CPU, 16 GB RAM, and Nvidia Quadro T1000 GPU 
with a 4 GB memory. Network resolution (i.e., image 
input size) is set to 320×320×3 to reduce computational 
cost and time.  
In addition to synthetic data augmentation previously 
described, random and real-time data augmentation on 
the training set is also enabled in the YOLOv4 model to 

increase the size of the training set by creating slightly 
modified copies of training images. In particular, hue, 
saturation, and exposure of training samples are 
modified within [-18…+18], [0.66…1.5], and 
[0.66…1.5], respectively as recommended by 
Bochkovskiy et al. (2020). In addition, half of the 
training images are flipped horizontally, but no image is 
flipped vertically as recommended by Hu et al. (2020). 
Mosaic data augmentation is also applied to 50% of 
images by combining groups of four different images to 
create a new image (Hao and Zhili, 2020). The total 
processing time for training the model on the in-house 
dataset is approximately 12 hours, with an average loss 
of 0.567. 

Model validation 
Five-fold cross validation (Lyons et al., 2018; Fetanat et 
al., 2021) is implemented to validate the model and 
avoid overfitting on the training set. Using this 
approach, the training set is randomly split into two 
subsets (containing 80% and 20% of the training data, 
respectively) for five times. The model is then trained 
on the larger subset and validated on the smaller subset 
for five rounds, and mAP is measured as the aggregate 
of class-specific average precision (AP) values (Turpin 
and Scholer, 2006). The AP for each class is calculated 
using intersection over union (IoU), which computes the 
overlap between predicted bounding boxes and ground-
truth bounding boxes (Nath and Behzadan, 2020). If IoU 
is above a predefined threshold (typically 50%), the 
detection is marked as correct; otherwise, it is marked as 
incorrect (Zhu et al., 2021). The optimum number of 
iterations is determined as the average of the optimum 
number of iterations (corresponding to the highest mAP) 
for each validation set. Five-fold cross validation yields 
an average IoU of 82.26%, AP of 97.37% and 96.70% 
over the two classes (stop sign and pole), and mAP and 
average iteration numbers of 97.04% and ~3,000. The 
model is then re-trained one last time with the optimum 
iteration number to ensure that it has not overfitted on 
the training set, and is sufficiently generalizable to the 
unseen test set. 

Techniques to overcome challenging cases 
Model training on street view images poses unique 
challenges that need to be addressed to improve the 
outcome. One such issue occurs when the model detects 
more than one stop sign in the input image, with one 
appearing closer to the viewpoint and other(s) at a 
farther distance, as shown in Figure 3(a). While the 
object detection model is robust enough to detect 
multiple stop signs, the problem arises since each photo 
bears only a single geolocation tag which, by default, is 
used to map the detected stop sign. In the presence of 
multiple detected stop signs, however, this one-to-one 
correspondence will no longer be valid. To remedy this 
problem, when multiple stop signs are detected, the 
largest stop sign (appearing closest to the camera 
viewpoint) is selected as the target output. Among 
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detected poles, the one with the closest center of x 
coordinates to the center of x coordinates of the 
candidate stop sign is then selected as the target pole.  
Another challenge is reflection in water, which is a 
common problem in object detection. Simple solutions 
for reflection removal are based on the analysis of 
multiple input images, including pairs of images that are 
taken from different orientations, or with different 
polarizations (Sarel and Irani, 2004; Kong et al., 2013). 
By comparison, single-image reflection removal is more 
challenging. Wan et al. (2016) proposed a multi-scale 
depth of field (DoF) strategy to classify edge pixels and 
remove reflection in the image background. Fan et al. 
(2017) addressed the reflection issue using a deep 
learning model that extracts edge information to identify 
low-level vision tasks, and demonstrated high quality 
layer separation. Specifically in the post-flood image 
dataset, there are several cases where the stop sign is 
reflected in water, as shown in Figure 3(b). To remedy 
this, the strategy is to not label the reflected stop sign 
and pole, thus forcing the model to learn from the 
difference between color intensity of pixels in actual and 
reflected objects. 

  
Figure 3: Demonstration of challenging cases in post-flood 
photos: (a) multiple detections (base photo courtesy of Steve 

Zumwalt/FEMA), and (b) reflection in water (base photo 
courtesy of TSGT Mike Moore, USAF) 

Model performance on test data  
To quantify model performance, a test set containing 
crowdsourced images of the 2021 flood in the Pacific 
Northwest was collected. During this flood event, the 
U.S. Geological Survey (USGS) stream gauge at 
Nooksack River in Ferndale, WA reported a peak stage 
height of 150.35 ft., indicating an increase of 5 ft. in 
water level (National Oceanic and Atmospheric 
Administration, 2021). The flood stage at the USGS 
Skagit River stream gauge near Mt. Vernon, WA was 
also rising above the major flood stage (32 ft.), logging 
37 ft. of floodwater at this location (Center for Western 

Weather and Water Extremes, 2021), before being 
destroyed by flood debris (National Oceanic and 
Atmospheric Administration, 2021). In the following 
section, the ability of the proposed model is to estimate 
flood depth using stop signs as measurement 
benchmarks is demonstrated. To create the test set, 11 
crowdsourced photos containing 3 stop signs in the U.S. 
state of Washington and 8 stop signs in the Canadian 
province of British Colombia are web-mined. The 
locations of these stop signs are shown on the map in 
Figure 4. Each of the 11 post-flood images is first paired 
with its corresponding pre-flood photo (depicting the 
same stop sign), and then annotated with two classes of 
stop sign and pole. 

 
Figure 4: Map of 11 test data related to the 2021 Pacific 
Northwest flood (numbers refer to IDs shown in Table 1) 

A commonly used metric for describing the discrepancy 
in flood depth estimation is mean absolute error (MAE) 
(Chaudhary et al., 2019; Cohen et al., 2019; Park et al., 
2021; Alizadeh and Behzadan, 2020; Alizadeh et al., 
2021). As shown in Equation (1), the MAE for pole 
length estimation (𝑀𝐴𝐸!) can be calculated as the 
average of the absolute difference between detected pole 
length (𝑃′) and ground-truth pole length (𝑃) over 𝑁 
photos (including pre- and post-flood photos). The 
model obtains 𝑀𝐴𝐸! of 3.916 in. and 6.769 in. for pole 
length estimation in pre- and post-flood photos of the 
test set, respectively. The MAE for flood depth 
estimation (𝑀𝐴𝐸") can be calculated using Equation (2) 
as the average of the sum of the absolute values of the 
difference between ground-truth pole length (𝑃) and 
detected pole length (𝑃′) in pre- and post-flood photos 
over 𝑀 pairs of photos. Table 1 shows the 𝑀𝐴𝐸" 
achieved by the model for flood depth estimation for 
each photo in the test set. The MAE of flood depth 
estimation is 6.978 in., which is significantly improved 
compared to the MAE of 12.65 in. reported previously 
by Alizadeh and Behzadan (2021) and Alizadeh et al. 
(2021) through processing images of submerged stop 
signs. Also, this new MAE is on par with other studies 
on flood depth mapping using image processing 
techniques. For example, Cohen et al. (2019) reported 
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an MAE of 7-12 in. in coastal and riverine areas. 
Chaudhary et al. (2019) obtained an MAE of 4 in. by 
detecting submerged objects in social media images, and 
comparing them with their predefined sizes. Park et al. 
(2021) reported an MAE of 2.5 in. by comparing images 
of submerged vehicles with their predefined sizes. 

𝑀𝐴𝐸! =
#
$
∑ |𝑃% − 𝑃|$
#                                                (1) 

𝑀𝐴𝐸" =
#
&
∑ 01𝑃%'() − 𝑃'()1 + 1𝑃%'*+, − 𝑃'*+,13&
# 	  (2) 

While MAE can be used as one descriptor of the 
reliability of the model, it must be noted that the main 
benefit of using the approach presented in this paper is 
the high granularity (spatial resolution) of datapoints for 
flood depth mapping considering the large number of 
stop signs mounted in various roads and streets in 
residential areas. 
 

Table 1: Performance of the model on flood depth estimation 

ID Location 

Flood depth 

Detection  
(in.) 

Ground-truth  
(in.) 

∆ 
(in.) 

1 CAN/Abbotsford 25.486 27.162 -1.676 

2 CAN/Merritt 13.949 9.759 4.190 

3 CAN/Merritt 18.722 13.436 5.286 

4 CAN/Abbotsford 20.292 20.157 0.135 

5 CAN/Princeton 0.463 6.844 -6.381 

6 CAN/Princeton 51.243 15.780 35.463 

7 CAN/Abbotsford 4.871 3.968 0.903 

8 CAN/Abbotsford 9.331 6.679 2.652 

9 USA/Ferndale 44.342 41.342 3.000 

10 USA/Ferndale 26.217 10.923 15.295 

11 USA/Bellingham 9.820 8.038 1.782 

 𝑀𝐴𝐸!    6.978 

Conclusions 
The scientific community agrees that climate change is 
leading to more severe flooding events in various parts 
of the world (Alfieri et al., 2017; Ward et al., 2014; 
Arnell and Gosling, 2016). Despite the importance of 
reliable flood depth data to many stages of flood 
mitigation (ranging from evacuation to recovery), most 
existing flood mapping techniques only estimate flood 
inundation over large areas (e.g., regional) leaving it 
primarily to the decision-maker to interpret and/or 
extrapolate results for door-to-door applications that 
require highly granular (i.e., street-level) flood depth 
data. In this paper, a deep neural network, namely 

YOLOv4, was adopted using the transfer learning 
technique on an in-house dataset of crowdsourced stop 
signs photos. The model was trained on pre-flood (334 
photos from the Microsoft COCO dataset, and 61 web-
mined photos of other traffic signs with zero label) and 
post-flood (270 web-mined photos, 71 web-mined 
photos of other traffic signs with zero label, and 64 
synthetic photos) photos of stop signs. To address the 
overfitting problem on the training set, the optimum 
number of iterations was obtained using 5-fold cross 
validation. The trained model was then used to estimate 
flood depth at the location of the stop sign, by comparing 
the visible parts of the pole length in pre- and post-flood 
photos. Testing the model on 11 sample photos from the 
2021 Pacific Northwest flood yielded an MAE of 6.978 
in. for flood depth estimation which is on par with error 
values reported in previous studies. Since stop signs 
have standardized shapes, colors, and sizes, and are 
mounted in many road intersections, this approach can 
be generalized to any geographical location with 
regulated and standardized stop signs to help estimate 
flood depth at the street level, providing that enough 
crowdsourced data is available. In summary, the main 
contributions of this research are: (1) an in-house image 
dataset of submerged stop signs which was used for 
training, validation, and testing of the deep 
convolutional networks; (2) the generalizability of the 
proposed method to other regions since traffic signs (an 
in particular, stop signs) are omnipresent and easily 
recognizable in many parts of the world; and (3) the 
ability to generate high spatial resolution flood maps by 
significantly increasing the number of datapoints where 
floodwater depth estimation can be calculated. 
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ABSTRACT 

Graph neural networks (GNNs) have attracted much 

attention in the field of machine learning because of their 

excellent performance on graph data. Graph data in the 

architecture, engineering and construction (AEC) sector 

is very common, such as bubble diagrams for space 

planning and point clouds for scan-to-BIM models. Some 

studies in AEC have adopted GNNs to solve practical 

problems. However, there has been a limited focus on the 

outcomes of these studies. Therefore, this paper aims to 

review the applications of GNNs in the building lifecycle. 

A wide range of existing literature was retrieved. The 

result shows that the adoption of GNNs is still in its 

infancy but has been increasing dramatically in recent 

years. Ten application domains were identified from the 

planning stage to the operation stage. In addition, the 

challenges and opportunities of GNNs adoption in AEC 

were discussed providing directions for future research.  

INTRODUCTION 

With the adoption of digital technologies in the field of 

architecture, engineering and construction (AEC) such as 

building information modelling (BIM) and geographical 

information system (GIS), the data across the whole 

building lifecycle are generated explosively and can be 

easily archived. These big data are valuable for extracting 

both explicit and implicit rules of AEC practice. However, 

the large volume and high complexity hinder the use of 

traditional data processing tools. Alternatively, deep 

learning as an important subfield of artificial intelligence 

and machine learning has been adopted in processing big 

data without human intervention. Many studies in the 

AEC sector have successfully applied classical deep 

learning models, such as artificial neural networks 

(ANNs), convolutional neural networks (CNNs) and 

recurrent neural networks (RNNs), to various scenarios 

across the building lifecycle (Darko et al., 2020). These 

classical deep learning models have remarkable on well-

structured data such as texts, images, and videos, but 

cannot process graph data.  

The graph discussed in this paper is a type of data 

structure instead of images, pictures, drawings, etc. A 

graph is intuitively presented by a set of nodes connected 

by a set of edges in which the order of each node and the 

size of the graph are variable. The graph-structured data 

is quite common in daily life such as social networks on 

Facebook and citation networks in academia. Naturally, 

graph-structured data is also not rare in the AEC sector, 

such as bubble diagrams for floor plan design, Gantt 

charts for project scheduling, and relationships of entities 

in industry foundation classes (IFC) files. 

To process graph-structured data, researchers in the field 

of computer science have proposed graph neural networks 

(GNNs) which can perform graph analysis tasks such as 

node classification, edge prediction and graph 

classification. GNNs have been widely applied to 

chemistry, biology, recommendation systems, traffic 

networks, etc (Zhou et al., 2020). Some studies in the 

AEC sector also investigated the applications of GNNs 

such as BIM segmentation enrichment (Wang et al., 

2022), point cloud semantic segmentation (Feng et al., 

2021), and prediction of building energy consumption 

(Hu et al., 2022). However, the adoption of GNNs in AEC 

is still in its infancy. To embrace this new deep learning 

model, it is necessary to understand the significance of 

GNNs in the AEC sector. This paper aims to review the 

existing applications of GNNs in the building lifecycle 

including planning, design, construction and operation 

stages.  

In the following sections, the concept of graphs and GNNs 

is firstly introduced. The next section illustrates the 

research method. On this basis, the current research on the 

application of GNNs in the AEC sector is reviewed, 

followed by a discussion on challenges and opportunities. 

The closing section concludes the findings of this paper. 

BACKGROUND 

Graph 

A graph 𝐺  is a type of non-Euclidean data structure 

consisting of a set of nodes (or vertices) 𝑉 and a set of 

edges 𝐸. A graph can be denoted as 𝐺 = (𝑉, 𝐸); and an 

edge can be denoted by its nodes as 𝑒𝑖𝑗 = (𝑣𝑖 , 𝑣𝑗) ∈ 𝐸, 

where 𝑣𝑖 , 𝑣𝑗 ∈ 𝑉. A graph can be also represented as a 

|𝑉| × |𝑉|  matrix called adjacency matrix 𝐴  for 

computational purposes. If 𝑒𝑖𝑗 ∈ 𝐸, 𝐴𝑖𝑗 = 1; and if 𝑒𝑖𝑗 ∉
𝐸, 𝐴𝑖𝑗 = 0. Each node, edge or the whole graph may have 

attributes that can be represented as feature vectors to 

contain more information.  

A graph can be categorised as follows (Zhou et al., 2020). 
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• a directed or an undirected graph, depending on 

if the edges are directed or undirected from a 

node to another node 

• a homogeneous or a heterogeneous graph, 

depending on if all the nodes or edges represent 

the same class of information 

• a static or a dynamic graph, depending on if the 

attributes or the topologic structure will change 

with time 

Graph Neural Networks (GNNs) 

The basic idea of GNNs is that the representation of each 

node in a graph is determined by its own features and the 

aggregation of the features of its neighbouring nodes 

through edges. GNNs have better performance in 

processing relationships among nodes (Hu et al., 2022), 

while traditional deep learning approaches, such as CNNs 

and RNNs, assume that nodes are independent of each 

other and ignore the topological information (Wu et al., 

2021b). There are three types of tasks that GNNs can 

perform:  

• Node-level tasks: node classification, node 

clustering and node regression 

• Edge-level tasks: edge classification and link 

prediction 

• Graph-level tasks: graph classification and 

graph regression 

Based on the propagation modules, GNNs can be 

classified into three categories: recurrent GNNs (Rec-

GNNs), convolutional GNNs (Conv-GNNs) and Skip-

GNNs (Zhou et al., 2020). The early studies on GNNs 

stated from Rec-GNNs. Based on recursive neural 

networks, Gori et al. (2005) formally proposed the 

concept of GNNs for the first time, and  Scarselli et al. 

(2009) further developed the concept. Inspired by the idea 

of CNNs, Conv-GNNs were proposed, which generalizes 

convolution operators from CNNs to GNNs (Wu et al., 

2021b). The main difference between Rec-GNNs and 

Conv-GNNs is the weights among layers: the former uses 

the same weights across layers during propagation, while 

the latter uses different weights (Wieder et al., 2020). 

Based on Rec-GNNs or Conv-GNNs, Skip-GNNs add 

“skip connection” across layers to avoid over smoothing 

problems and increased noise in deeper networks (Zhou 

et al., 2020). Researchers in the discipline of computer 

science have conducted several surveys or reviews on 

GNNs (Bronstein et al., 2017; Zhang et al., 2019; Zhou et 

al., 2020; Wu et al., 2021b; Wang et al., 2022; Zhang et 

al., 2022). Comprehensive explanations of graphs and 

GNNs can be found in these studies. 

RESEARCH METHOD 

Data Collection 

To have a comprehensive review, an extensive search for 

relevant research was conducted. Scopus was used as the 

primary database supplemented with Web of Science and 

Google Scholar. Keywords related to GNNs and AEC, 

such as “graph neural networks”, “architecture”, 

“construction” and “buildings”, were searched in the field 

of title, abstract and author keywords. Journal articles, 

conference proceedings, theses and arXiv preprints were 

included. The publication year was unlimited. After 

manually screening their titles and abstracts, 33 articles 

were retained for analysis, including 19 journal articles, 

11 conference proceedings, two preprints and one 

master's thesis. Figure 1 shows the chronological 

distribution of retrieved articles. The number of 2022 was 

incomplete as this study was conducted in January 2022. 

The adoption of GNNs began in 2018 but has been 

increasing sharply in recent years. The top five sources 

are Automation in Construction, ACM Transactions on 

Graphics, Proceedings of the 2021 European Conference 

on Computing in Construction, Proceedings of the 38th 

International Symposium on Automation and Robotics in 

Construction (ISARC), and arXiv. 

 
Figure 1: Chronological distribution of articles 

Data Analysis 

Content analysis was employed in this paper for 

qualitative data analysis. The application scenarios of 

each article were initially labelled when screening the title 

and abstract. the retrieved articles were reviewed in full 

text to determine the research problems, analyze the 

mechanism of GNNs application, and categorize them 

into various stages of the building lifecycle. 

APPLICATIONS OF GNNS 

The building lifecycle consists of four stages: planning, 

design, construction and operation stages (Meng et al., 

2020). Based on the four stages, ten application domains 

of GNNs were identified from the retrieved literature as 

shown in Figure 2. 
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Figure 2 Applications of GNNs in building lifecycle 

Planning Stage 

The conceptual plan of a construction project forms at this 

stage. The feasibility, location, time, budget, standards, 

planning scheme and other constraints should be initially 

identified. Usually, according to the planning scheme, the 

spatial cognition of the proposed building should 

harmonize with its surrounding buildings and 

environment. Through GNNs combined with GIS, spatial 

patterns and shapes of buildings can be automatically 

recognised.  

Classification of building group patterns. At the level 

of building groups, each building can be seen as a node, 

and the lines between the buildings serve as edges, thus 

forming a graph. The graph convolutional neural network 

(GCNN) can learn the representation of nodes and edges 

on the graph to classify the patterns of building groups 

into regular and irregular patterns (Yan et al., 2019). 

Further, Zhao et al. (2020) employed graph convolutional 

networks (GCNs) to classify building groups into specific 

patterns, such as colinear patterns, rectangle patterns, grid 

patterns, etc.   

Classification of building shapes. At the level of single 

buildings, the graph can be formed by the outline of the 

building: the node is the vertex of the outline, and the edge 

is the line between adjacent vertices.  Yan et al. (2021) 

proposed a GCN-based encoder-decoder model to learn 

the representation of different building shapes in the 

feature space via unsupervised learning, thus 

distinguishing different building shapes without manual 

data labelling. Similarly, Liu et al. (2021) proposed 

another GCN-based model but with supervised learning 

to classify buildings into ten alphabet shapes, such as F-

shape, E-shape, T-shape, etc. The GNN-enabled 

automatic classification of building group patterns and 

building shapes supports urban planning authorities  

Design Stage 

At the design stage, GNNs are mainly adopted for floor 

plan design. At the preliminary phase of the architectural 

design, the bubble diagram helps architects graphically 

plan and organize rooms and spaces. A bubble diagram is 

essentially a graph: nodes are rooms or spaces, and the 

edges are connections between rooms or spaces such as 

doors, walls and openings. Attributes, such as the area of 

the room and the material of the wall, can be attached to 

nodes or edges. 

Generative design of floor plans. GNNs are able to learn 

the feature representation of both explicit and implicit 

rules of space planning from existing floor plan designs 

(Hu et al., 2020). The combination of generative 

adversarial networks (GANs) and GNNs enables the 

generative design of floor plans. Nauata et al. (2020) 

proposed a GAN model House-GAN for generating floor 

plans, in which a novel GCN-based computational 

module Conv-MPN acts as both generator and 

discriminator. To extend the generative design from a 

single floor to the whole building, Chang et al. (2021) 

proposed another GAN model, in which GNN modules 

encode bubble diagrams and voxel graphs in generator 

and discriminator. 

Evaluation of floor plans. GNNs are also applied to the 

evaluation of floor plans. As et al. (2019) adopted a GCN-

based module Neural FPs that was originally designed for 

predicting functions of chemical compounds to evaluate 

the target functional scores of a residential building. This 

model performs a graph-level regression that identifies 

high-scored patterns (subgraphs) of room settings and 

combinations. Interestingly, this model is able to predict 

subjective scores such as liveability and sleepability, 

indicating implicit evaluation criteria can be learned by 

GNNs. 

Construction Stage 

Uncertainty of site environment and human errors in the 

construction phase results in differences between the 

actual and the planned. The current applications of GNNs 

try to address the uncertainty of scheduling, construction 

safety and BIM semantic enrichment. 

Construction scheduling. Hong et al. (2021) converted 

construction schedules into graphs in which nodes are 

construction activities, and edges are logical relationships 

between activities. A GCN model was trained through 

semi-supervised learning to classify construction 

activities so that the standard construction activity groups 

can be identified, and their construction time can be 

estimated at the early stage of construction. 

Identification of dangerous activities. Tang and 

Golparvar-Fard (2021) constructed a spatio-temporal 

graph mapping the interaction among construction 

activities, worker body key points and construction tools. 

A spatio-temporal GNN model was adopted on the graph 

to identify workers’ gestures and used as inputs for safety 

evaluation.  

Planning

• Building group pattern classification

• Building shape classification

Design

• Floor plan generation

• Floor plan evaluation

Const.

• Construction scheduling

• Dangerous activity identification

• BIM semantic enrichment

Operation

• Defect detection

• Structure component classification

• Building energy consumption prediction
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BIM semantic enrichment. BIM semantic enrichment is 

a process that infers new semantic information of BIM 

objects or relationships from a BIM model (Belsky et al., 

2016). Semantic enrichment can deal with the loss of 

semantic information during data exchange between 

different BIM tools. It is also useful for scan-to-BIM to 

assign correct attributes to as-built BIM models. BIM 

object classification is one of the tasks of BIM semantic 

enrichment (Bloch and Sacks, 2020). Traditional methods 

of BIM semantic enrichment are rule-based, and recently 

some studies have investigated GNN-based methods for 

classifying BIM objects.  

Collins et al. (2021) constructed graphs from triangle 

meshes and point clouds that are converted from the 

geometry of BIM objects. They proposed a GCN-based 

approach to encode geometric representations of BIM 

objects. Through supervised learning, the model is able to 

classify BIM objects into corresponding IFC entities. On 

the graphs constructed from bubble diagrams, Wang et al. 

(2021) used GraphSAGE to classify rooms into 

corresponding types. However, GraphSAGE does not 

aggregate the attributes of edges during propagation. As a 

result, different connection types between rooms cannot 

be considered in room classification. To tackle this issue, 

Wang et al. (2022) modified GraphSAGE into SAGE-E 

which concatenates the features of neighbouring nodes 

and edges during message passing. The result shows 

SAGE-E outperforms GraphSAGE. 

Operation Stage 

The applications of GNNs at the operation stage mainly 

focus on defect detection and structural component 

classification for maintenance tasks. These applications 

are enabled by point cloud semantic segmentation, that is, 

each point in a point cloud is classified into specific 

categories. Point clouds can be easily obtained with 

scanning devices, such as LiDAR or terrestrial laser 

scanning (TLS). Each point in the scanned point cloud has 

attributes such as coordinates (XYZ), colours (RGB), and 

reflection intensity. The k-nearest neighbours (KNN) 

algorithm can be applied to the point cloud to form a graph 

for each point. Based on the KNN graph, a GNN-based 

model, dynamic graph convolutional network (DGCNN), 

can learn the local features and globe features of the graph 

and perform semantic segmentation (Wang et al., 2019). 

Defect detection. Bahreini and Hammad (2021) adopted 

DGCNN to identify defects on concrete surfaces from 

scanned 3D point cloud data. The point cloud data were 

manually labelled with three types of labels: crack, 

spalling and non-defect. Each point is represented as a 7-

dimensional vector including its XYZ coordinates, GRB 

channels, and a normalized Y coordinate. However, this 

supervised learning requires manual labelling of 

thousands of points, which is time-consuming and error-

prone. To reduce this burden, a semi-supervised approach 

was proposed by Feng et al. (2021). In their research, a 

GCN-based semi-supervised approach is used to detect 

pavement cracks from point cloud data. To achieve better 

performance of semi-supervised learning, features should 

be well designed to distinguish the features of different 

categories. Feng et al. (2021) firstly conduct a space 

mapping to amplify the difference in reflection intensity 

between cracks and non-crack areas. In addition to XY 

coordinates and amplified reflection intensity, four local 

features are designed to enhance the representation of 

points. 

Structural component classification. Kim and Kim 

(2020) adopted DGCNN to classify bridge components 

into three types of bridges. To achieve higher accuracy in 

classifying tall components on bridges, Lee et al. (2021) 

proposed a DGCNN-based model called hierarchical 

DGCNN (HGCNN) that shortens the architecture of 

DGCNN and expands the range of the KNN graph. 

HGCNN shows equivalent levels of overall accuracy 

(OA) and intersection over union (IoU) to PointNet and 

DGCNN, while providing better performance for tall 

components such as electric poles. Yajima et al. (2021) 

proposed the DGPointNet model, which concatenates 

local and global features from PointNet and DGCNN, 

which can classify damaged building components in a 

disaster environment more accurately. 

The above research is based on DGCNN. According to 

different scene requirements, some improvements are 

made to DGCNN, such as DGPointNet and HGCNN 

mentioned above. These improvements are achieved by 

modifying the model architecture. However, the accuracy 

of DGCNN varies in classifying different building 

components. Some points of walls at corners were 

misclassified as columns because DGCNN uses cube 

blocks in semantic segmentation (Kim and Kim, 2021). 

Similarly, the accuracy of classifying abutments and piers 

by DGCNN is relatively lower than of other bridge 

components (Kim and Kim, 2020). As a result, additional 

attention should be paid to these areas. For example, if a 

point is classified as a column but connected to a wall, it 

should be corrected to a wall.  

In addition, Kim and Kim (2020) compared the 

performance between DGCNN and the other two CNN-

based deep learning models, PiontNet and PointCNN, in 

classifying bridge components. Their research shows that 

DGCNN has the highest accuracy in terms of OA and 

IoU. 

Building energy consumption. In addition to point cloud 

semantic segmentation, GNNs are also applied to the 

prediction of building energy consumption. Hu et al. 

(2022) mapped the relationships of building shadows into 

a directed dynamic graph, in which buildings are regarded 

as nodes, and shadows cast from one building to another 

are regarded as edges. The edge attributes reflect the solar 

impact, and the edge attributes represent the features of 

buildings and weather. A spatial-temporal graph 

convolutional networks (ST-GCNs) model was adopted 

to learn the time-series change among attributes and thus 

predict the building energy consumption. 
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CHALLENGES AND OPPORTUNITIES 

Although GNNs have been adopted across the building 

lifecycle, they are a new deep learning approach in the 

AEC sector, which still faces challenges and opportunities 

in application and research. 

Challenges 

Manual processes of graph construction. In the studies 

reviewed in the previous section, most of the graphics 

construction process is manual, such as BIM models to 

point clouds, floor plans to bubble diagrams, and 

construction schedules to graphs. The manual process 

leads to time-consuming and error-prone preparation of 

datasets. The reason is twofold. Firstly, the construction 

of graph data is more complex compared with traditional 

data structures such as texts, images, and numbers. The 

topological structure, i.e., the adjacency matrix, should be 

defined at first; node attributes and edges attributes are 

then assigned to the graph. However, topological 

structures and attributes are stored separately in many 

cases and tend to be lost during the conversion process. 

For example, when converting a BIM model to a point 

cloud, the geometry of BIM objects originally stored in a 

Revit file is transformed through pieces of software, while 

its semantic information is lost in the process and has to 

be manually added to the point cloud (Ma et al., 2020). 

Secondly, raw data may be stored in different data 

formats. For example, floor plans may be stored in the 

forms of CAD/BIM models, raster images, or even hand 

drawings. Due to the diversity of data formats, automatic 

conversion methods cannot be unified and standardized. 

Even in the same data format, the requirements for 

extracting information are different in different usage 

scenarios, which further hinders the implementation of 

automatic conversion. For example, given a BIM model, 

BIM semantic enrichment requires triangular meshes 

(Collins et al., 2021), while floor plans evaluation requires 

a bubble diagram (As et al., 2019). 

Lack of AEC-related open datasets. As stated above, 

the dataset construction and data pre-processing for 

training and testing GNN models are cumbersome. Most 

existing studies need to establish datasets by themselves. 

The size of self-built datasets is limited, and the quality 

cannot be guaranteed, which is likely to result in 

underfitting or low generalization capability of GNN 

models. The benchmarking between different models also 

becomes impossible without standard datasets. The AEC-

related open datasets are required for adopting machine 

learning in the field of AEC. In the retrieved literature, 

only seven studies employed open databases or datasets, 

and other studies had to establish their own datasets 

because there was no open dataset available. In addition, 

the open datasets focus mainly on floor plans, such as 

RPLAN (Wu et al., 2019), Repository of Unique 

Buildings (RUB) (Simonsen et al., 2021), and LIFULL 

HOME'S Dataset (National Institute of Informatics, 

2021). However, none of these datasets is formatted in 

graphs. Additional endeavour is necessary to convert floor 

plans into graphs.  

Opportunities 

knowledge graph. The knowledge graph is a very 

popular concept in interdisciplinary applications. The 

ontology and the reasoner are two core components in a 

knowledge graph. In the field of construction, a variety of 

ontologies have been established for different scenarios, 

such as concrete bridge rehabilitation (Wu et al., 2021a), 

road asset management (Lei et al., 2021), and construction 

defects (Lee et al., 2016). However, most reasoners on 

these ontologies in construction are rule-based requiring 

manual intervention (Lei et al., 2021).  

From the perspective of graphs, a knowledge graph is a 

directed and heterogeneous graph consisting of entities 

(nodes) and relations (edges) (Zhou et al., 2020). This 

graph structure makes it possible to adopt GNN models in 

the reasoner of knowledge graphs. Apart from the 

construction industry, several GNN-based approaches 

have been used for knowledge graph embedding, relation 

extraction and graph completion (Ji et al., 2021; Wu et al., 

2022). These studies confirm the feasibility of exploring 

the adoption of GNN-based in the AEC-related 

ontologies. For example, structured information can be 

extracted from the BIM model, and unstructured 

information can be extracted using natural language 

processing (NLP) from project documents. The extracted 

information is then applied to the predefined ontology, 

forming a graph. On the constructed knowledge graph, 

GNN models can classify duplicated entities and predict 

missing entities or relations (Wu et al., 2022).  

Generative design. GNNs can learn not only explicit 

design rules but also implicit design rules from existing 

designs, enabling more complex alternative designs (As 

et al., 2019). Because GNNs are an end-to-end learning 

model, raw data can be directly fed into the model without 

manual feature extraction, and the design rules can be 

learnt by GNNs automatically, reducing the requirement 

for programming skills. GANs have been integrated with 

GNNs for the generative design of floor plans (Nauata et 

al., 2020; Chang et al., 2021). GANs train the generator 

and discriminator to learn the design rules and evaluation 

rules. Compared with the classic generative design, a fully 

trained GNN-based generative design can directly 

generate suitable designs without iteration and evaluation, 

thus reducing the computing costs. As stated in the 

previous section, the current adoption of GNNs in 

generative design is limited in the generation of floor 

plans (As et al., 2019; Nauata et al., 2020; Chang et al., 

2021). The potential of GNNs in generative design has not 

been fully explored. More adoption of GNN-based 

generative design in other application domains, such as 

structure design, plumbing plan, HVAC ducting and 

urban design, has not been explored.  

Exploration for graph structures in AEC. Graph 

structures can generally be categorized into two scenarios: 
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structural scenarios in which the relational structure is 

explicit, and non-structural scenarios in which the 

relational structure is implicit or absent (Zhou et al., 

2020). For structural scenarios, graph structures can be 

extracted from BIM models, drawings, and other existing 

forms. For non-structural scenarios, images and texts are 

the common sources of graphs. All graph structures 

identified in this paper belong to structural scenarios. 

Therefore, more graph structures in both structural 

scenarios and non-structural scenarios should be explored 

in future research. For example, an HVAC or plumbing 

system can be presented as a graph where devices are 

nodes and pipes are edges.  

CONCLUSION 

GNNs extend deep learning to graph data and are rapidly 

being applied to solving practical problems in the AEC 

sector. This paper reviewed the applications of GNNs in 

the building lifecycle and discussed the opportunities and 

challenges in future research and practice. The increasing 

trend of literature indicates a growing interest in GNNs 

among AEC researchers. The applications of GNNs have 

emerged at all stages of the building lifecycle. The 

development of BIM and point cloud technologies make 

it easier to record and obtain AEC-related big data, 

providing a large amount of data for training GNN 

models.  

Although GNNs show exciting potential in the AEC 

sector, it is still in infancy. The construction of graphs 

requires manual operation because of the complexity of 

graphs and the variety of data formats in AEC. In addition, 

the lack of open datasets related to AEC makes the 

comparative evaluation of GNN-based research difficult. 

On the other hand, GNNs may have more potential in the 

research of the knowledge graph and generative design. It 

is also recommended to explore more graph-structured 

data in AEC to make full use of GNNs. 
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Abstract 

Numerous resilience frameworks have been introduced to 

assess the post-blast functionality and the expected 

recovery time for critical infrastructures. As such, several 

researchers have developed blast assessment diagrams. 

However, usually the blast assessment diagrams are 

computationally expensive and require prolonged 

processing time. In this context, this paper introduces a 

novel concept of developing blast assessment diagrams 

using different machine learning models. As for 

demonstration, the developed models will be focused on 

concrete masonry walls as considered the front defense 

lines in critical infrastructures. Throughout the different 

machine learning tested models, the developed ANN 

model showed the best performance. The proposed 

approach opens the gate for similar applications 

considering different infrastructure components. 

Introduction 

Within the past two decades, the concept of resilience has 

been introduced to the field of structural engineering and 

more specifically, disaster management (Salem et al., 

2020). One of the fundamental resilience frameworks in 

structural engineering is the 4R framework which was 

proposed by (Bruneau et al., 2003). The 4R stands for 

Robustness, Rapidity, Redundancy, and Resourcefulness. 

The robustness and rapidity are the measurable goals of 

resilience indicating for the ability of the structure to 

withstand a hazard and its efficiency to deliver its 

functionality, while rapidity indicates for the time 

required for recovery and regaining the structure 

functionality into acceptable limits. On the other hand, 

redundancy is the system’s ability to maintain its 

functionality using a backup system, while 

resourcefulness is the capacity to mobilize the required 

resources for recovery. As such, Ayyub, (2015) proposed 

the resilience triangle to visualize the resilience goals (i.e., 

robustness and rapidity), while Salem et al., (2018) briefly 

elaborated the decencies between the four resilience 

parameters. In this context, numerous studies have been 

presented to assess the resilience of multiple 

infrastructure components (for example: critical 

administrative buildings, bridges, pipelines) subjected to 

different kinds of hazards (for example: seismic, flood, 

and blast-induced hazards) (Bruneau et al., 2003; 

Cimellaro et al., 2016; Gidaris et al., 2017; Salem et al., 

2018). In this context, all the aforementioned studies and 

much more had proposed different functionality 

indicators referring to the deliverables of the system such 

as the ratio of the post-hazard function deliverables to the 

original functionality (pre-hazard). For example, 

Karamouz and Zahmatkesh, (2017) developed weighted 

indicator referring to different aspects of functionality 

including physical, economic, and hydrological, Rezaei 

Ranjbar and Naderpour, (2020) incorporated the seismic 

structural damage loss as a direct indicator for the 

functionality for hospitals, Salem et al., (2018, 2017) 

assessed the resilience of infrastructures subjected to 

intentional blast loading (i.e., terrorist attacks) by linking 

the functionality area with the façade blast performance. 

On the other side, blast loading is considered one of the 

most uncertain events even with determining a threat 

scenario, aleatory and epistemic uncertainties should be 

considered for reliable performance assessment (Salem et 

al., 2020). Blast load is a sudden energy release in a short 

period that leads to a huge rise in the air pressure (Pmax) 

then decays in few milliseconds (td) till reaching the 

ambient pressure (Po) exponentially then continues to 

descend creating negative air pressure (Krauthammer et 

al., 2008) whereas the integration of positive pressure 

over the load duration resembles the positive specific 

impulse (I) as depicted in Figure 1. Where Pmax and I are 

considered the most influential factors on the response of 

structural members (Krauthammer et al., 2008). Such fact 

has driven researchers to develop generic performance 

curves for different structural components, namely, P-I 

diagrams as shown in Figure 2. Salem et al., (2018, 2017) 

incorporated P-I diagrams to quantify infrastructure 

resilience through using a functionality indicator. The 

functionality indicator represents the operability of the 

areas enclosed by components facing superficial damage 

against areas not operating enclosed by components with 

any other performance rather than surficial damage. This 

theory was based on the fact that superficial damage by 

definition would not require repair (cosmetic repair) that 

ensures undisturbed function delivery for critical 

infrastructures. On the contrary, if the components are 

subjected to damage more than superficial damage then it 

would require repair and subsequent closure of the 

adjacent area. 

P-I diagrams are usually created via numerical prediction 

for the maximum mid-height displacement (chord 

rotation) to categorize blast damage levels (Krauthammer 

et al., 2008). For example, Shi et al., (2008) developed 

finite element models to derive P-I diagrams for 

reinforced concrete columns, while (El-Dakhakhni et al., 

(2010) used single-degree-of-freedom models to develop 

P-I diagrams for reinforced concrete panels. However, 

such attempts were characterized by using expensive 

computational models. As such this paper purpose a novel 

technique for developing P-I diagrams that can be 

incorporated with the available resilience framework 

proposed by Salem et al., (2018, 2017). 
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Concrete masonry unit (CMU) walls are considered one 

of the most commonly used facades in critical 

infrastructure expecting blast loading (Salem et al., 2019). 

CMU façades are the first components that usually absorb 

the detonation energy. In this context, the North American 

blast standards put stringent damage states based on the 

chord rotation (θ) to assess the extent of CMU damage. 

However, limited studies investigate the blast behavior of 

CMU walls due to their high testing cost. 

 

 
Figure 1. Idealized blast wave (Friedlander waveform) 

 
Figure 2. P - I diagram for various Damage States (DS)  

On the other hand, Machine Learning (ML) has various 

roles in different areas such as engineering, science, and 

finance. ML techniques are viewed as generating 

knowledge as well as information modeling or data – 

analysis in a timely manner (Frank et al., 2019). In this 

context, this paper presents a novel way of predicting P-I 

diagrams using ML through supervised regression 

analysis. Different models were assessed including linear 

and multivariate regressions, random forest, and artificial 

neural networks. The models will be generated using a 

published database for CMU walls blast performance. As 

an application, the most reliable model was further used 

to generate P-I diagrams for CMU walls predicting 

different damage states. 

Background 

Multivariate Linear and Polynomial Regression 

Multivariate Linear Regression (MVLR) is a statistical 

technique that uses multiple independent variables to 

predict a dependent variable. The difference between 

normal linear regression and MVLR is that MVLR is not 

limited to a 2D plane. The MVLR is typically applied in 

n-dimensional space depending on the number of 

variables (n). The relationship between independent 

variables, and dependent variables can be developed using 

linear regression following the general equation shown in 

(1) (Neter et al., 1996). 

 

𝑌 =  𝛽0 + ∑ 𝛽𝑗𝑋𝑗
𝑛
𝑗=1 + 𝜀    (1) 

Where Y is the dependent variable, 0 is the bias weight, 

j is a regression coefficient where j represents the 

number of variables (j = 1, 2, 3..., n), while ε is the error 

term that represents the deviation from the true value. 
According to Neter et al. (1996), five assumptions should 

be made for MVLR. These assumptions include 

existence, independence, linearity of relationships, 

homogeneity, and normality. whereas Polynomial 

Regression is similar to, following the same assumptions, 

MVLR, however, Polynomial Regression uses different 

degrees as depicted in (2) (Stimson et al., 1978). This 

equation demonstrates the degrees that can be reached for 

a polynomial equation (N).  

𝑌 =  𝛽0 + 𝛽1𝑋1 + … … . . 𝛽𝑁𝑋𝑁
𝑁 + 𝜀  (2) 

Random Forest Regression 

Random Forest Regression (RFR) is based on the method 

of decision trees (DT). DT utilizes a decision-making 

framework based on the information theory, a 

mathematical model used to store information in data 

(Wang and Zang, 2011). DT can predict both continuous 

(regression) and categorical (classification) data. RFR is 

considered as a piecewise regression, where the exact 

regression equation depends on the data point features and 

how the trees are structured. DT is structured similarly to 

a real tree in which it has a base called the “root node” and 

“leaf node” which can be thought of as the actual 

prediction. DT progresses from one node to another node 

through “Arcs”. Arcs refer to the decision taken upon 

traversing throughout the tree. DT works by starting from 

the root node and traversing to a single leaf node. DT asks 

questions regarding the sample required to predict. To 

avoid overfitting of a DT, several trees can be used 

simultaneously together to form several predictions and 

then average the result, which is known as the RFR 

technique. Figure 3 shows a RFR taking an input of a 

sample and traversing through multiple trees at the same 

time according to its features. Upon reaching a leaf node 

in every tree the answer is then averaged. 
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Figure 3. Typical RFR going through multiple trees 

 

Artificial Neural Networks 

Artificial Neural Networks was originally based on 

different research directions notably neuro-biology, data 

processing, and physics (Filho and Viegas, 2018). 

Artificial Neural Networks (ANN) are usually presented 

in the form of a simplified biological artificial neural 

network, described as a mathematical model. One of the 

ANN techniques is the feed-forward ANN which consists 

of several hidden layers and each layer consist of several 

neurons (Lee, 2017). Neurons receive input signals and 

generate output signals. After inputting neurons and 

number of hidden layers the ANN works by multiplying 

the neurons with their respective weight and then passing 

them into an activation function, followed by passing 

them to another hidden layer, and so on until it reaches the 

output layer. A layer or a hidden layer is a level in which 

all the neurons are grouped, it is important to note that any 

ANN is largely dependent on the number of layers it 

contains, as well as the number of neurons (Filho and 

Viegas, 2018). The first and last layers are referred to as 

input and output layers, while anything in between is 

referred to as a hidden layer. The output at the final layer 

can have any form or type, and it can yield more than one 

output if required. The input neuron/input layer is then 

distributed according to the weight of each input to a 

certain neuron. This process keeps on repeating, then the 

result of each neuron is placed into the activation function 

used. Weight coefficients are an important factor to any 

ANN. Once all the hidden layers have been weighted, 

placed into an activation function, and aggregated, their 

results are fed to the output layer which is then multiplied 

by the weights once more to produce the final output. The 

number of hidden layers, neurons in each hidden layer, 

and the activation functions used are also known as the 

‘architecture’ of an ANN. Figure 4 shows a typical ANN 

with multiple outputs and a single hidden layer. 

Methodology 

The blast response of reinforced CMU wall is influenced 

by multiple parameters such as the material properties, 

vertical reinforcement, length and height of the wall, 

boundary conditions, and the applied blast wave, typically 

Pmax and I (Salem et al., 2021). As such, including all the 

aforementioned parameters in training the regression 

models may yield into a complicated model influenced by 

each input variable.  Yet, all the input parameters are still 

influencing the expected outcomes. Consequently, the 

influencing parameters are lumped into two groups, 

namely, resistance and loading groups. The resistance 

group is an indication for the resistance function of the 

reinforced CMU wall derived using the different 

geometrical and material properties of the CMU 

compressive strength, reinforcement yielding strength, 

vertical reinforcement ratio, wall aspect ratio, and the 

boundary conditions. According to Salem et al., (2021),  

the CMU resistance functions can be presented as a 

bilinear function with initial stiffness “K” and ultimate 

capacity “Ru” as shown in Figure 5. 

On the other side, the loading is presented in the form of 

Pmax and I. In the meanwhile, the output parameter of the 

reinforced CMU masonry wall is considered as θ 

following the current North American Standards (ASCE, 

2011; CSA, 2012). In this context, five input variables 

were considered in this study, namely, Ru, K, vertical 

reinforcement ratio (Vr), Pmax, and I while the output was 

θ. The database used in this study was extracted from 

Oswald, (2005) for 100 CMU experimentally tested walls 

subjected to far-field explosions. To ensure the efficiency 

of the used data; mutual variable correlation diagrams are 

plotted to visualize the distribution of the parameters 

(input and output) as shown in Figure 6. 

 

 
 

Figure 4. Typical Neural Network with multiple outputs 

(Adopted from (Lee, 2017) )  
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Figure 5. Idealized resistance function for CMU walls 

 

 
 
Figure 6. Relationship between variables in the used database 

Model Reliability 

To determine the accuracy of the used regressors, a scale 

should be used to compare the accuracy of the different 

models. In this paper, the coefficient of determination (R2) 

score along with the Root Mean Square Error (RMSE) 

were used. R2 is the proportion of variance of the 

dependent variable by the independent variable and can 

be calculated using Equation (3) (Colin Cameron et al., 

1997). RMSE is the standard deviation of the residuals 

(prediction errors) as illustrated in Equation (4) (Chai & 

Draxler, 2014). Residuals of the RMSE indicate for how 

far the predictions are from the regression line data points 

(HAYES, 2019). Figure 4 presents an architecture for 

ANN with two hidden layers. 

 

𝑅2 = 1 − 
𝐸𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛
     (3)  

RMSE =  √
∑ (Predictedi−Actuali)2N

i=1

N
     (4) 

 

Model Sensitivity 

After the data was extracted, regression models using 

RFR, MVLR, Polynomial regression, and ANN were 

created through the scikit-learn library and Keras. The 

developed models, RFR and polynomial models, had 

several parameters controlling the accuracy of the model. 

For polynomial regression, the degree of regression is a 

fundamental aspect that influences the accuracy of the 

model, however, increasing the degree may lead to data 

overfitting. As such, the influence of the model degree on 

the R2 is plotted in Figure 7. In Figure 7, it is evident that 

the model started to overfit once it reached the 3rd-degree 

(R2=1.0). It is also evident that the 1st-degree regression 

offered the same value as the MVLR which is a 

verification to the model since it has become linear with 

the 1st-degree. Hence the 2nd-degree equation was used for 

further investigation. 

 
Figure 7. Sensitivity of the Polynomial degree while changing 

the degree of the equations. 

  

As for the RFR, the number of trees is considered 

the dominating factor affecting the model accuracy. It is 

worth nothing to mention that there is no limitation on the 

number of trees. Figure 8 shows the model sensitivity to 

the number of trees used which demonstrates that the 

optimum number of trees would be around 110 to 120 

trees. This optimum decision is backed to the 

insignificance of changing the R2 after reaching 110 DT, 

which in turn is less computing power to create multiple 

decision trees. On the contrary, less than 90 DT may yield 

into an unreliable model. As such, the RFR model used in 

this study was created using 100 DT. 
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Figure 8. Sensitivity of the RFR against number of trees. 

 

As for the ANN, a total of 30 architectures were 

developed to compare between them and to determine the 

most reliable model. Each architecture was tested on 

several activation functions. And the optimum 

architecture was used for further applications. 

Model Accuracy 

For each regression model the R score (except ANN), 

RMSE, and error percentage were calculated to assess 

their reliability. The results of the R score, RMSE, and 

error percentage are summarized in Table 1. From Table 

1, it is apparent that MVLR had the worst values of R2 = 

0.83. This relatively low R score indicates that the data is 

not fitting in a linear manner (Ang and Tang, 2007). 

However, the RFR, 2nd Degree Polynomial regression, 

and the ANN showed satisfactory R score, and RMSE. 

The ANN model showed 20% deviation from the 

experimental results which are considered acceptable in 

the field of blast assessment due to the high sources of 

uncertainty (Campidelli et al., 2016; Salem et al., 2021; 

Shi and Stewart, 2015). 

 
Table 1. Reliability assessment for the developed models 

 

Moreover, the reliability of the models was tested against 

the experimental for the 20 samples from the database as 

shown in Figure 9. From Table 1 and figure 9, it is obvious 

that the ANN model was the most reliable model. As such 

the developed ANN model was further used to develop 

the P-I diagrams. 

 
Figure 9. Reliability of the developed ML Models. (20 random 

samples) 

P-I Diagrams Development 

Using the developed ANN model, a P-I diagram was 

generated through randomizing different loading 

combinations (Pmax and I). The different load 

combinations were performed and only the combinations 

leading to the targeted θ were plotted. The targeted θ was 

selected based on the (ASCE, 2011). Figure 10 depicts the 

generated P-I diagram for a wall with 2438 mm length, 

3048 mm height, and thickness 142 mm, while its vertical 

reinforcement ratio was 0.2%. This wall was selected as a 

random sample from one of the testing samples. Figure 10 

shows three curves with different damage states 

considering low, medium, and high levels of protection 

for the considered wall. The three P-I curves are 

illustrated in a form of random points due to the nature of 

the used technique (Monte Carlo technique). As such, to 

produce the typical discrete P-I curve, a curve fitting 

technique can be used. 

 

 
Figure 10. Developed P-I diagram for different chord 

rotations. 

Conclusion 

Based on 100 experimental data set for blast performance 

of CMU walls, four different ML models were tested and 

assessed. The models were developed using linear, 
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polynomial, random forest regressions, and artificial 

neural networks. A sensitivity analysis was conducted for 

the polynomial regression to reach the optimum degree 

that resulted in a second-order degree. As for the random 

forest regression, the sensitivity analysis demonstrated the 

efficiency of using 100 discission trees. The linear 

regression model showed the least reliable predictions 

while the artificial neural network was the most reliable 

model with a deviation of 20%. Furthermore, the 

developed neural network model was successfully 

implemented to generate a blast performance curve, P-I 

diagram, for CMU walls. The generated P-I diagram is 

considered cheaper and faster tool for developing P-I 

diagrams that can be used further for resilience 

assessment. Although the developed model yielded into 

acceptable accuracy within the field of blast assessment, 

increasing the database would enhance the accuracy of the 

model. Due to the limitations of the dataset the developed 

models can not be directly used to assess the performance 

of other materials; however, given the accuracy the same 

concept can be generalized to different façade 

components to facilitate global assessment for 

infrastructure buildings subjected to blast hazards. 
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Abstract
Artificial Intelligence (AI) has a great impact on increas-
ing productivity and economic growth in many sectors.
However, in the construction industry, AI is still limited
to research and few pilot projects. This study aims to de-
pict the current rate of AI adoption in the industry and
understand the obstacles that are hindering the required
changes in the companies’ business models. The data are
collected through a tailored questionnaire sent to experts
and practitioners in the field. The results show that labour-
skilled shortage, data quality, cost-benefit and lack of case
studies and standards have been identified as major issues.
The findings help to understand the needs of construction
practitioners and propose possible solutions.

Introduction
The Architecture, Engineering & Construction (AEC) in-
dustry is a key sector in the European Union (EU) since
it accounts for up to 9% of the GDP and provides more
than 6% of European employment (Baldini et al. 2019).
Nonetheless, compared to other sectors, the productivity
level reached by the industry is dramatically low, where
many construction projects suffer from overruns in cost
and time. This delay might be caused by the low digital-
isation of the sector: according to the McKinsey Global
Institute (MGI) Industry Digitization Index, construction
is in the last position in Europe and second to last in the
United States (McKinsey Global Institute 2017). On top
of that, the current labour shortages, the COVID-19 epi-
demic, and the need to build sustainable infrastructures
have accelerated the need for rapid change toward greater
digitisation.
Recently, inspired by the "Industry 4.0," Artificial Intelli-
gence (AI) applications have gained momentum and pos-
sess all the features to serve as the backbone to promote
proper digital strategies in AEC (Darko et al. 2020, Pan &
Zhang 2021). According to MGI (Chui et al. 2018), the po-
tential value of AI for the global economy is $13 trillion by
2030, equating to a 16 per cent increase in cumulative GDP
compared to 2018. Albeit there are multiple definitions of
AI, the High-Level Expert Group (HLEG), appointed by
the EU commission, defines AI as "software (and possibly
also hardware) systems designed by humans that, given
a complex goal, act in the physical or digital dimension
by perceiving their environment through data acquisition,
interpreting the collected structured or unstructured data,
reasoning on the knowledge, or processing the informa-
tion, derived from this data and deciding the best action(s)

to take to achieve the given goal." (Annoni et al. 2018).
(Pan & Zhang 2021) identified the benefits provided by AI
in AEC, here summarized:

• Automation: AI makes project management more
technically automatable and objective. AI-based so-
lutions help overcome specific shortcomings of tra-
ditional construction management, which relies on
manual observation and operation, therefore more
prone to bias and confusion.

• Risk mitigation: Even in significant uncertainty, AI
can monitor, detect, evaluate, and anticipate possible
risks in terms of safety, quality, efficiency, and cost
across teams and work areas.

• High efficiency: AI approaches are significantly
used in optimisation challenges to make the build-
ing project operate more smoothly and efficiently.

• Digitalization: BIM has taken the lead in digitalizing
the construction sector, going well beyond 3D mod-
eling to give a pool of information about the whole
project lifecycle. BIM can interact with AI to simplify
the digitization of information in intelligent AEC pro-
cesses.

Although these advantages have piqued the interest in the
AEC sector, most of the studies come from Research and
Development (R&D) projects. The industry’s current dif-
fusion of AI applications has not yet been investigated.
However, a flourishing ecosystem of start-up enterprises
is presently known as "Construction Tech", which has ex-
panded from $250 million in 2013 to $1,000 million in
2018 (Sacks et al. 2020). Therefore, this study is an ex-
ploratory analysis of the current AI adoption in the con-
struction industry to highlight deployment margins and
future strategic plans for greater penetration of digital tech-
nologies.
Finally, the recent literature is mainly concerned with
researching AI applications, potentials, advantages, and
trends (Darko et al. 2020, Pan & Zhang 2021, Sacks et al.
2020). There is, however, a gap in evaluating the barriers
or the incentives recognised by building specialists. These
factors are critical for the long-term use of AI in the con-
struction industry. For this reason, this study surveys the
construction community to identify the main challenges
and obstacles that, if surpassed, can drive the changes
needed for disseminating AI into AEC processes.

Methodology
This section depicts the research topics and the method
used to gather and analyse data.
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Research methods
The following research issues are addressed in this paper:

• What is the present AI usage in building practices?
• What are the perceived advantages of employing AI

in building practices?
• What are the main obstacles and challenges associated

with the use of AI in building practices?
In the survey, such questions were divided into several
sub-questions that help to identify specific advantages and
disadvantages of AI introduction in AEC.

Questionnaire survey
To reach the largest number of people in Europe, we
employed an online questionnaire prepared on Microsoft
Forms ®. The poll was conducted between September 3rd
and October 30th, 2021, and different channels were used
to reach out professionals and practitioners: first, many
actors were reached via mail using industry organizations
such as Associazione Nazionale Costruttori Edili (ANCE),
a national association of construction companies in Italy.
In this way it was possible to contact professionals relevant
to our research, encouraging their participation through the
prestige of the associations involved. Moreover, the ques-
tionnaire was also publicly disseminated through social
media like Linkedin ®and Twitter ®.
The online survey divided into four sections (Table 1): the
first collected information about the respondents and their
companies (e.g., company’s size, practitioner’s experience,
and so on). The second section is used to distinguish com-
panies that deploy AI from those that do not currently use
it. Depending on the answer in section 2, the companies
responded to questions in Section 3 -if they do not use AI
in their processes-, or section 4 -if they use AI.
Consequently, the answers in Section 3 helped gather in-
formation on AI obstacles, whereas results from section 4
helped collect information about AI advantages and tech-
niques used in AEC. Forty-three people completed the
questionnaire, answering multiple choice and Likert scale
(1 to 5) questions.

Data analysis
Overall, 43 professionals and researchers answered the
questionnaire. One-third of the responses came from
medium and big companies (i.e., with more than 100 em-
ployees), and the remaining two-thirds came from small
enterprises (i.e., with less than 100 employees). This dis-
tribution reflects well the construction sector panorama
where subcontractors and small enterprises are the major-
ity (especially in Italy, where the response rate was the
highest).
Although all participants were aware of the main concept
of AI, a small portion of them were currently utilizing it:
according to the responses, 20.9 % of the participants were
actively utilizing AI, whereas the remaining 79,1% were
not using AI at all. Most participants had 1-5 years (37%)
of experience in the industry, followed by people with 6-15
years (24%), more than 25 years (21%), and 16-25 years

(18%). Moreover, the participants mainly work for con-
sultancy companies (39%), construction companies (21%)
and software companies (10%). Finally, The majority of
the response comes from firms operating in Italy (72%),
United Kingdom (18%), and United States (4%).

Table 1: Questions asked in the online survey

Section Topic Question
type

1. Identifi-
cation

Determine
the profile
of the
respondent

Multiple
choices

2. Use of
AI

Identify
if the
company
use AI or
not

Multiple
choices

3.1 Stake-
holder
related

obstacles

Identify
possible
obstacles
coming
from stake-
holder

Likert
scale

3.2
Financially

related
obstacles

Identify
possible
obstacles
coming
from fi-
nancial
aspects

Likert
scale

3.3
Employee

related
obstacles
to the AI
adoption:

Identify
possible
obstacles
coming
from insuf-
ficient or
untrained
workforce

Likert
scale

3.4
External

environment-
related

obstacles

Identify
possible
obstacles
coming
from envi-
ronmental
aspects
such as
lack of
standards
or guide-
lines

Likert
scale

3.5
Software
related

obstacles

Identify
possible
obstacles
coming
from lack
of AI
software

Likert
scale

Page 100 of 605



Section Topic Question
type

4.1 Rate
the

advantages
that AI

brings to
your

company

Identify
main ad-
vantages in
using AI
for AEC
processes

Likert
scale

4.2 Rate
the

obstacles
found

towards AI
adoption

Identify
obstacles
met in
the AI
adoption
path

Likert
scale

4.3 AI
technology

used

Identify
most
common
AI tech-
nologies
adopted
in con-
struction
companies

Multiple
choices

4.4 The
origin of
the data

used for AI

Identify
how com-
panies
collect and
use data for
AI projects

Multiple
choices

Benefits for AI adoption in AEC
Various advantages have previously been mentioned in
the literature (Pan & Zhang 2021, Bolpagni et al. 2021,
Sacks et al. 2020), but most of these benefits came from
the academic and research point of view. This section
assessed if AI-practitioners in the construction industry
also recognise the main benefits identified by the literature.
Figure 1 shows the main advantages identified through the
survey.

Figure 1: AI advantages found by the companies that use AI.

Automating AEC tasks (78%) results in the main advan-
tage that helps overcome some of the drawbacks of tradi-
tional construction management, which is more prone to
bias since it relies on manual observation and operation.
In this context, Machine Learning (ML) algorithms, for
example, are used to intelligently learn the mass of gath-
ered data for hidden knowledge discovery, and they are
also integrated into project management software to make
automatic data analysis and decision making easier (Hu
& Castro-Lacouture 2019). Moreover, most respondents
agree that time (66%) and cost (66%) savings have been

achieved thanks to AI technologies. This result resonated
with the survey conducted by the MGI (McKinsey 2021),
where respondents reported much higher cost savings from
AI than they did previously. Finally, the implementation of
AI would benefit the company’s business by introducing
new services (66%) and increasing the company’s image
and reputation (66%) (Figure 1).

Barriers for AI adoption in AEC
To date, a comprehensive and critical analysis of the issues
that enterprises face when they try to implement AI in their
processes is missing, but it is required to convey the right
research questions:
(Bérubé et al. 2021) demonstrate that AI faces several
unique challenges, including a lack of management aware-
ness of AI’s commercial and technical potential, due to
the scarcity of skills for designing algorithms. The study
also revealed how the nature of AI, particularly its reliance
on data, presents implementation challenges such as data
quality, data quantity, and data governance concerns. In
the construction sector, (Bolpagni et al. 2021) researched
the level of AI adoption in the industry. However, the study
focused on determining the ethical aspects of AI, analyz-
ing the risks perceived by construction practitioners rather
than focusing on the obstacles that hinder AI widespread
dissemination.
Consequently, this study is the first experimental work for
detecting the main challenges that our industry is facing
towards an higher adoption of AI in AEC. The survey dif-
ferentiated the questions based on whether the company
utilizes AI or not. In this way it was possible to compare
the obstacles perceived by non-AI companies with those
encountered by enterprises that are currently using AI. Fig-
ure 2 reports the main problems that prevented companies
from using AI. According to the results, the two most im-
portant topics are the difficulty in finding and managing an
adequate amount of data (62%) and AI-skilled employees
(79%). Other concerns are the lack of case studies (58%)
and standards (44%), which can offer a methodology or
best practices to follow.

Figure 2: AI obstacles according to companies that do not use
AI.

Despite the identified obstacles, many respondents are de-
veloping strategies to surpass these problems and aim to
implement AI in the next 1-2 years (10%), in the next 2-5
years (24%) or the long term (3%).
Similar feedback was given by participants using AI (Fig-
ure 3), suggesting that awareness of key issues in the in-
dustry is shared. Most of them had difficulties in getting
data (67%) and AI-skilled personnel (78 %), while costs
(11%) and privacy (22%) did not represent a big issue. Fi-
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nally, relevant concerns were encountered in adapting the
hardware to the new technologies (55 %). In the following
paragraph we will analyze these barriers in detail trying to
propose possible solutions to overcome them.

Figure 3: AI obstacles according to companies that use AI.

Challenges in deploying AI in AEC
The survey stressed multiple obstacles hindering the wider
adoption of AI in AEC. In this section, we explored four
challenges derived from the barriers: the shortage of AI-
skilled workers, the data-quality challenge, the cost-benefit
challenge and the lack of case studies or standards.

Shortage of AI-skilled workers
AI is projected to increasingly revolutionize economies,
change the business environment, and play a critical role
in assisting businesses in achieving their objectives and im-
proving their key performance metrics. Therefore, accord-
ing to Forbes (Swathi 2021), the demand for AI-trained per-
sonnel will rapidly increase in the coming years. Many in-
dustrialized economies throughout the world, most notably
the European Union (EU) and the United States (US), have
policies in place to promote the adoption of AI technology.
The EU engages with business, researchers, and academia
to develop the data value chain and promote the data-driven
economy. For example, the Horizon Europe is the largest
research and innovation project, with almost 95.5 billion
euros in financing development of AI technologies (Eu-
ropean Commission and Directorate-General for Research
and Innovation 2014). Academic institutions have been
increasing machine-learning and AI-related programs, but
industry demand for machine-learning-educated workers
will take years to satisfy. When the need for talented
machine-learning engineers grows quickly, finding quali-
fied candidates becomes difficult, and employee retraining
becomes increasingly critical. Governments may provide
their workforce with a competitive advantage by educating,
developing, and enabling access to people with sophisti-
cated computer and analytics skills. Because AI education
necessitates hands-on experience, industry and academia
should work together to develop apprenticeship programs
that allow students to rotate around multiple firms and
learn about AI applications in a variety of sectors and job
functions (Johnson et al. 2021). Employers must be able
to share their expertise with students through academia.

Data quality challenge
The suitability of data for the specific aim of machine-
learning applications is referred to as data quality. High-
quality data is a far more critical aspect than quantity

for the effective application of ML to real-world situa-
tions, (Gordon 2021). Data quality is vital while train-
ing machine-learning systems, but it is much more impor-
tant for assuring trust in the applications’ choices. Data
quality deteriorates when data becomes increasingly un-
structured and gathered from more sources. While struc-
tured information is necessary for machine learning, more
data is generated in unstructured formats (e.g., text, video,
and picture data), which standard data-management tools
cannot handle. Machine-learning programs will need to
recognize and take unstructured input in real-time. To
generate quality measurements, gather new data, evaluate
data quality, eliminate wrong data from the training data
set, and analyze the trade-off between quality-assurance
costs and gains, companies should construct a data-quality
assessment process. (Cichy & Rass 2019) identified 12
main data-quality assessment models where the majority
of techniques use objective measures or a combination of
analytics and subjective measurements. One of the main
is the Total Data Quality Management (TDQM), whose
steps are shown in 2. Specifically to AI applications, (Heo
et al. 2021) identified three main steps that lead to efficient
management of data:

• Data acquisition: Pictures or time series data were
formerly copied into digital form. Due to copyrights
and personal information protection, it is challenging
to use existing data indiscriminately for R&D with
commercialization aims or done in specific profes-
sional sectors. A mechanism to validate the data in-
dividually after the acquisition is required. Although
there is a tool to automate this procedure, it cannot be
considered full; consequently, human intervention is
needed throughout all steps.

• Data Refinement/Labeling: it has been demonstrated
that a refinement manager and developing personnel
with academic knowledge of the development field
were required to improve AI models accuracy.
Moreover, data refined by personnel with professional
development education rather than the general pub-
lic is a critical component of a correct data-quality
strategy.

• Data Quality Evaluation: managers should carry out
quality evaluation for each step included in AI pro-
cesses.

Cost-benefit challenge

In the construction industry, the advantages of AI-driven
solutions are now well demonstrated in the literature. How-
ever, the early expenses of investing in AI technologies,
such as robotics, are typically very high. Therefore, firms
must identify areas of critical need and determine which
AI-powered use cases will have the most effect in the
short term. Construction businesses will be inefficient
in their time and resources if they don’t have a clear busi-
ness case, ROI, or burning platform, leading to dissatis-
faction, increased scepticism, and a loss of momentum.
Leaders should prioritize their investments based on the
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Table 2: Improvement steps of the TDQM

Process Steps

Assess data
definition and
information

architecture quality

1. Identify data
definitions
quality mea-
sures

2. Identify infor-
mation group
to assess

3. Identify the
information
stakeholders

4. Assess data
definition tech-
nical quality

5. Assess in-
formation
architecture
and database
design quality

6. Assess cus-
tomer satis-
faction with
data definition
quality

Assess information
quality 1. Identify an

information
group for
assessment

2. Establish infor-
mation quality
objectives and
measures

3. Identify the
information
value and cost
chain

4. Determine file
or processes to
assess

areas where AI can influence the firm’s particular circum-
stances and where it will be the simplest to execute at the
firm’s present level of digital maturity. It is also impor-
tant to think about how much maintenance these solutions
require. This could be prohibitively expensive for most
subcontractors and small businesses that make up the con-
struction sector. As a result, organizations must assess the
cost savings and return on investment of such technologies
before deciding whether or not to invest. Furthermore,
as these technologies become more widely acknowledged
and used in construction, prices will likely fall, making
them more accessible to smaller businesses.

Lack of case studies or standards
Every disruptive technology causes societal changes that
often necessitate some regulation. The first challenge in
determining the most appropriate regulatory framework
for AI is predicting its impact on society. The second is
to keep up with the rapid advancement of artificial intel-
ligence. Other obstacles include AI’s complexity, auton-
omy, self-learning capabilities, and pervasiveness across
industries. These characteristics necessitate a policy-
making qualified interdisciplinary capacity (to understand
technologies better and predict impact) as well as flexibil-
ity (to envision frameworks that, while enforceable, can
adapt over time). Regulatory sandboxes could be particu-
larly useful in this regard.
Industry standards and structured data are also key com-
ponents for better interoperability. This implies that infor-
mation may be linked together by people and technology,
allowing the extraction of more useful knowledge. Consis-
tency, repeatability, and predictability are all achieved us-
ing the same information formats across industries. Busi-
nesses will see actual efficiency advantages due to this,
and the data architecture for the connected future will be
in place.

AI techniques in AEC
In the history of AI, there have been ups and downs
with logic-based techniques in the 1950s and early 1960s,
knowledge-based expert systems in the 1970s and 1980s,
and data-driven approaches (from 2000 onwards), all with
periods of disillusionment and reduced funding in be-
tween. Currently, we are entering a new era of high
expectations, fueled by greatly enhanced computational
processing power and data (Annoni et al. 2018).
Therefore, the questionnaire is a significant opportunity to
understand which techniques are currently most popular in
the industry. We asked the participants to use AI to high-
light the current methods in their companies. The results
are also compared with what has been published in the
scientific literature to assess whether the most common
techniques are the same. The research inside the liter-
ature has been done by querying the SCOPUS database
with each of the techniques listed in Figure 4 combined
with "building*" or "construction*" through the Boolean
operator AND. In order to restrict the results only to arti-
cles relevant to the construction industry, we have limited
the search to the journal ISSN listed (Scott et al. 2021).
Figure 4 shows the comparison result: there is a strong
correlation between the research focus in academia and
the use of AI inside the industry. It is important to stress
that Computer Vision and Natural Language Processing
(NLP) are two applications of Deep Learning (DL), there-
fore articles retrieved from SCOPUS under the keyword
DL may deal with those techniques, making the difference
in Figure 4 smoother.
The most common technique that is leading this new wave
of AI is ML: it refers to a system’s ability to learn, decide,
predict, adapt, and react to changes without being explic-
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itly programmed. Specifically, with ML in this study,
we refer to shallow models that do not include DL tech-
niques, considered in a separate category. Many shallow
learning techniques have been used to solve construction
related problems (e.g., Linear Regression, Logistic Re-
gression, Support Vector Machines (SVM), Decision Trees
(DT), K-nearest Neighbors (KNN), and shallow neural net-
works) (Rampini & Re Cecconi 2021). ML approaches
were mainly used in five common parts of construction
project management, including risk assessment and reduc-
tion (Gondia et al. 2020), construction site safety manage-
ment (Harirchian et al. 2020), cost estimation and predic-
tion (Rafiei et al. 2018), schedule management (Son et al.
2012), and building energy demand prediction (Rahman
et al. 2018). Moreover, reinforcement learning usually
covers control strategies for thermal energy management
in buildings (Brandi et al. 2022).

Figure 4: Distribution of AI techniques used in the construction
industry. The red bar plots the amount of scientific articles

related to a specific technique, while the blue bar indicates the
responses given by AI-practitioners in the questionnaire.

DL is a subset of ML that is essentially a three or more
layer neural network. These neural networks aim to imitate
the activity of the human brain by allowing it to "learn"
from enormous amounts of data, albeit they fall far short of
its capabilities. While a single-layer neural network may
produce approximate predictions, additional hidden layers
can help to optimize and improve for accuracy. Currently,
DL techniques are used for two tasks: Computer Vision,
referred to actions that identify human faces and objects
in digital photographs or videos; and NLP, considered as
the machine’s ability to recognize, analyze, comprehend,
and/or generate data in written and spoken human commu-
nications. According to (Martinez et al. 2019) Computer
Vision (CV) applications in construction covers four main
topics: Construction safety and personnel monitoring (Seo
et al. 2015), Resource tracking and activity monitoring
(Yang et al. 2015), Surveying and as-is modeling (Ptrucean
et al. 2015, Rampini et al. 2022), and Inspection and condi-
tion monitoring (Spencer et al. 2019). On the other hand,
NLP techniques are mainly used for compliance checking
(Zhang & El-Gohary 2017) and risk prediction (Li et al.
2021).

Conclusions
There is no denying that we are living in a digital age. In-
dustry 4.0 is bringing digitization to processing and manu-
facturing organizations, allowing them to employ concepts
like the Internet of Things and automation to boost effi-
ciency and safety while reducing environmental impact.
Nonetheless, in the construction sector AI’s proliferation
is currently modest.
However, thanks to the growing amount of data generated
during the building lifecycle and the increased computing
capacity of hardware, contractors, operators, owners, and
service providers across the project lifecycle can no longer
afford to think of AI as a niche technology. To foster the
renovation process is crucial to understand the potential
benefits and the challenges introduced by new technology.
In the scientific literature, many studies explored the ad-
vantages and the positive outcomes of deploying AI, but
few (if none) of them focused on the challenges that com-
panies face.
This research addresses this gap by surveying 43 profes-
sionals from the industry. The questionnaire has pointed
out four main challenges that must be tackled to ease a
wider AI adoption: i) shortage of AI-skilled workers, re-
quiring a joint effort between industry and academia to
promote programs that can develop an adequate amount
of AI-skilled talents; ii) data quality, requiring an objec-
tive assessment and active management of information by
collecting, keeping, and using data securely, efficiently,
and cost-effectively; iii) cost-benefit, requiring AEC com-
panies investing in the necessary data collecting and pro-
cessing technologies (e.g., advanced analytics) and clear
target area of intervention rather than chasing the most
recent cool technology; iv) lack of case studies or stan-
dards, which requires governments and regulators to im-
prove their efforts in producing industry standards and
guidelines that encourage companies initiative and inter-
operability. Regarding this last point, it is worth men-
tioning the new Digital Twin standard development BSI
260 under development with the Flex method. As tech-
nologies advance, lessons are learned, and practical expe-
rience is accumulated across domains and countries, the
Flex method allows incremental revision of the standard.
Because of the intricacy and cross-domain nature of AI for
construction also presents an opportunity to realign with
associated standards.

Limitations and future work
In this research, data was gathered from practitioners in
the construction industry who have already utilized digi-
tal tools and recognised their successes on a national or
worldwide level. However, the data collected cannot fully
represent the panorama of AI applications in the entire
sector. The answers were collected during a global pan-
demic, and it is important to note that businesses are some-
times compelled to develop new techniques to deal with
new, unexpected issues (e.g., the inability to operate on-
site or the necessity to minimize resources). Finally, data
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should be collected regularly to track the progression of the
phenomenon given the dynamic nature of the challenges
presented here.
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Abstract 

EU building sector consists mainly of outdated and 

inefficient properties with high energy consumption. 

Hence, building retrofit is being emphasized as a feasible 

alternative for addressing existing challenges, taking lots 

of time, effort, resources, and expertise in its traditional 

form. Conventional case-based retrofit scenarios fail to 

deliver quick and objective solutions for massive datasets.  

This research benefits from Artificial Intelligence, 

particularly clustering techniques, to enhance strategic 

decision-making for building retrofit and solve the 

shortcomings of conventional methods. It connects the 

dispersed Italian databases (CENED and TABULA) and 

determines desired building technology and retrofit 

strategy to obtain an optimum energy label. 

Keywords: Building Retrofit, Artificial Intelligence, 

Clustering, Energy Saving, Decision Support Systems 

 

Introduction 

The construction sector accounts for nearly 40% and 36% 

of total energy consumption and CO2 emissions in the EU, 

which makes Europe a consolidated continent in need of 

massive refurbishments (EU-Energy, 2018). Residential 

buildings, consisting of 85% of the EU building stock 

floor area, are on average extremely old and inefficient. 

In most EU countries, about 50% percent of the residential 

properties are constructed before the first thermal 

regulations, which results in increased consumption of 

fossil fuels, air pollution, and increased energy demand 

(Aldhshan et al., 2021). As a result, in order for the EU to 

meet its decarbonization targets by 2050 and to realize the 

EU green deal to double current rates of renovation of 

public and private buildings (European Commission, 

2019), building retrofit is being emphasized as a viable 

approach to address building sector issues by the EU 

(Seghezzi and Masera, 2017). Hence, tools to assist local 

governments in promoting cost-effective retrofit 

measures for existing structures are critical in the ongoing 

transition to low-carbon cities (Delmastro, Mutani, and 

Corgnati, 2016). 

The situation is even more critical in Italy. 49 percent of 

dwellings are over 50 years old, compared to 35 percent 

in Europe, which results in poor energy performance, 

given the average age of the residential building (Di Pilla 

et al., 2016). Moreover, systematic and data-driven 

decision-making tools for solving these challenges are 

lacking. 

Building Retrofit is one of the most important strategies 

for accomplishing built-environment sustainability and 

resilience goals. In general, there are various types of 

retrofits, e.g. Seismic and Energy retrofits. Energy retrofit 

is the process of making operational or physical changes 

to a building, its energy-consuming systems, or the 

behavior of its occupants to reduce energy consumption 

(Jafari and Valentin, 2018). It is proved to be significantly 

beneficial in practice; the ZEBRA2020 EU project 

consortium (ZEBRA2020, 2020) estimated that a 

building's final heating energy demand can be lowered by 

50 to 80 percent with considerable upgrades (range 

depending on the country and defined by national experts 

according to the current efficiency of the building stock).   

Although imposing additional investment expenses, 

retrofitting the building envelope and thermal plants can 

dramatically reduce energy consumption and associated 

operational costs. (Lohse, Staller, and Riel, 2016). Aside 

from energy efficiency, additional factors driving 

building rehabilitation and retrofitting include fire safety, 

seismic concerns, indoor comfort, and outside aesthetics. 

Retrofitting existing buildings, in addition to reducing 

building energy consumption and carbon footprints, 

provides a significant opportunity to increase occupant 

comfort and well-being while also reducing world energy 

consumption and greenhouse gas emissions (Xu, 

Loftness, and Severnini, 2021). 

Although their numerous advantages, retrofit projects are 

frequently marked by significant degrees of uncertainty 

and risk due to the complexity of the tasks and lack of 

information (Juan, 2009). Moreover, the decision-making 

process contains various competing interests, such as 

social and heritage-related tasks, financial investment 

limits, and environmental concerns (Nair, Gustavsson, 

and Mahapatra, 2010). Therefore, decision-support tools 

are highly beneficial to help designers, investors, and 

policymakers choose the most profitable and efficient 

retrofit solution. 

This study intends to design a data-driven decision 

support system using Artificial Intelligence and open 

data, clustering residential structures in the Lombardy 

region of Italy based on their energy metrics and 

construction period. This model identifies a given 

building's construction technology and materials based on 
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its energy parameters and records in national databases 

and accordingly determines the most optimum retrofit 

strategy to obtain a particular more energy-efficient label. 

Based on a massive amount of registered and approved 

data, this model can serve as a reference point for energy 

retrofit strategic decision making and planning on a 

building or urban scale. 

Background 

Conventional retrofit decision support tools can be 

classified in terms of the type of building (residential or 

service; refurbished or new) and their principal purposes 

(economic and environmental) (Ferreira, Pinheiro, and 

Brito, 2013). Moreover, they can be grouped in one of the 

a) general methods; b) improve energy and/or 

CO2 emission performance; c) purely economic analysis; 

d) Life Cycle Analysis methods; e) 

sustainable assessment methods groups (Kolokotsa, et al., 

2009). The knowledge gap regarding these methods is 

that they are mostly implemented in single case 

studies. Hence, they are engaged with the intrinsic 

complexities and technical aspects of the problem, not 

applicable to huge databases.  

Artificial Intelligence 

Data-driven tools applied for seismic and energy retrofit 

or renovation research are BIM (Scherer and 

Katranuschkov, 2018) and Multi-Criteria Decision-

Making (Asadi, Salman, and Li, 2019). Decision Support 

Systems for choosing the best retrofit strategies have been 

proposed using an MCDM-BIM integrated framework 

(Caterino et al., 2021) and for purposes like emissions 

reduction (Håkansson et al., 2013). Moreover, BIM has 

provided an affordable computation platform for Virtual 

Retrofit Model (VRM) (Woo and Menassa, 2014) for 

energy simulation, agent-based modeling, and multi-

criteria decision support systems that support streamlined 

decision-making for building retrofit projects. Some 

specific studies in Italy have examined retrofit 

alternatives using detailed numerical models (Carofilis et 

al., 2020). 

Despite their many benefits, the previously mentioned 

techniques cannot be implemented in a wide range of 

projects at once in a quick manner. Artificial Intelligence 

techniques, which have prompted a massive shift toward 

digitalization in the construction industry, seem to be the 

ideal solution to this problem due to their ability to 

provide accurate results in uncertain, dynamic, and 

complex environments and when dealing with them with 

massive data (Yaseen et al., 2020). AI techniques benefit 

from previous data by learning the relationship between 

input variables and their effect on the outcome to 

generalize the rule to new projects for automatic 

prediction. AI’s application in built environment 

management is increasing due to asset-related digital 

information (Ling et al., 2018). Its application in the 

building retrofit process, on the other hand, is a relatively 

new and unadvanced direction. 

Fig 1 presents the co-occurrence keyword network of the 

systematic search conducted in Scopus on the topic of 

building retrofit and AI, which is analyzed and depicted 

using the Bibliometrix package in R and the Biblioshiny 

library. 

 

CENED Database 

Various countries have prepared building stock databases 

based on Census data or survey data applying different 

methodologies (Ali et al. 2020) and describing properties 

with relevant or irrelevant features (Famuyibo, Duffy, and 

Strachan 2012). Hence, choosing proper databases and 

feature selection for reducing model input dimensions, 

computational loads, and enhancing the model 

performance are of high importance (Fan et al. 2019). 

This paper aims to use AI, particularly the clustering 

techniques, to exploit the massive data in an Italian public 

databases for future building retrofit decision-making. 

When evaluating and planning for national energy savings 

and energy retrofitting, building databases are valuable 

assets. However, databases often lack information on 

building attributes essential to assess the viability of 

specific energy conservation measures. Similar 

approaches conducted in other countries like Sweden 

(Von Platten et al., 2020) and Ireland (Ali et al. 2020) are 

proved to be beneficial, and serve as a benchmark for this 

research’s application in Italian building stock. 
 

As a result of a change in the Italian Laws on energy 

efficiency ('D. Lgs. 19 August 2005 n. 192', 2005), several 

Italian regions, including the Lombardy Region, have 

adopted a series of regional legislative measures on 

building energy efficiency. Lombardy Region entrusted a 

public company, the Centre for Technological 

Development, Energy and Competitiveness (CESTEC), 

with the role of Regional Accreditation Body (RAB), a 

role taken over in 2013 by Finlombarda, which now has 

among its responsibilities the management of the CENED 

database (DB) (energy cadastral of buildings in Lombardy 

Region)(Regione Lombardia, 2019). The open DB 

encompasses data about building energy performances 

(i.e., both primary energy and net energy), geometric 

information (e.g., volume, gross and net surface, etc.), and 

installed technologies (i.e., mainly the average thermal 

transmittance of building components and information 

about thermal plants’ global efficiency) (Re Cecconi et 

al., 2020). 

 
Fig 1. Co-occurrence network of keywords in the building 

retrofit cost literature 
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This study implements the clustering technique on the 

CENED database provided by Lombardy Region. 

Clustering is an important tool for data mining and pattern 

recognition. This method aims to group items into classes 

or clusters where objects in the same cluster are similar 

enough to infer they are of the same type, while objects in 

different clusters are different enough to infer they are of 

different types (Pfitzner, Leibbrandt, and Powers, 2009).  

Clustering, not imposing particular weights on variables, 

enables for a more accurate and unbiased building stock 

segmentation of the building stock compared to 

traditional classification procedures producing an 

unbiased grouping outcome (Tardioli et al. 2020). 

This method is generally implied for three main purposes: 

a) to identify underlying structure, b) to conduct natural 

classification based on the degree of resemblance, c) to do 

compression for summarizing data based on cluster 

prototypes (Jain, 2010).  

The steps to implement the clustering technique on the 

datasets and obtain optimum retrofit strategies are 

presented in the methodology section. 

Methodology 

To benefit from open data, and when working with huge 

portfolios and databases, the clustering technique is used 

to identify and select properties with similar 

characteristics. The features based on which the clustering 

can be selected based on the type of analysis (data-driven 

or engineering), retrofit purpose (Energy, Seismic, etc.), 

significance and variance of the features (Stone et al. 

2014). However, this study chose the features that were 

common in both CENED and TABULA databases, for 

better interoperability and connection of the results, as 

well as for not over complicating the model. Clustering 

for status quo analysis is the first step and foundation for 

future decision-making. Since the number of buildings to 

be analyzed in the CENED database is huge, it is possible 

to locate properties contemporaneously constructed with 

nearly similar materials and technologies. The clusters 

were computed using the Gaussian mixture partitional 

model (GMM) in this study. GMM uses a mixture of 

multivariate normal distributions to model the probability 

density of a numeric space. Supervised learning of 

multimedia data and pattern recognition are applications 

of GMM algorithms (Crouse et al., 2011). Figure 2 

presents the general workflow of the research scheme, 

documents used in each phase, and current and future 

steps. In this paper we progress till the Retrofit Strategy 

choice and Retrofit Strategy phases. 

First step is the data cleaning. In CENED database there 

are 1.52 million records registered, each containing an 

energy label described by 45 parameters. Among these, 

the most relevant to this research are: a) the energy label, 

b) the gross and net heated surface, c) the gross and net 

volume, d) the envelope surface, e) the ratio between 

opaque and transparent envelope surface, f) the average 

walls, windows, and roof thermal transmittance, and g) 

the primary energy for heating (EPH). 

However, since the CENEB data has been collected by 

many persons, the reliability is low and data cleaning is 

required. After data cleaning, 956,143 records remained 

from the initial 1.52 million records in the database. It is 

worth mentioning that only residential assets in the DB 

were selected. Once only records referring to residential 

properties were selected, the data were cleaned by 

removing records containing obvious errors, like assets 

with the primary Energy for Heating Index (EPH) <= 0 

kWh/m2y or a heated floor area of less than 20 m2. Finally, 

properties built before 1800 and after 2021 have been 

deleted because either they don’t need an energy retrofit 

(new assets) or they are too peculiar (historical heritage).  

Second step is properties grouping. The DB properties 

have eight different energy labels (EL) for residential 

properties: A+, A, B, C, D, E, F, G. Moreover, the 

construction year intervals are: “Before 1930”, “1930-

1945”, “1946-1960”, “1961-1976”, “1977-1992”, “1993-

2006” and “After 2006”. According to the seven classes 

of Year of construction (YoC) and the eight energy labels, 

records in the CENED DB are classified into 56 groups 

(EL). To eliminate outliers, the mean and standard 

deviation of various columns of the DB (average thermal 

transmittance of walls Uwalls, windows Uwin, and roofs 

Uroof) were calculated for each pair of YoC and EL. Figure 

Legend:         Documents              Processes                Performed stages till now 

Figure 2: AI-based Building Clustering and Retrofit Decision Making Framework 
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3 depicts a heatmap of the number of records in each 

group in the Lombardy Region, as defined by a YoC and 

an EL. As evident in Figure 3, which represents the 

heatmap of Total primary energy demand (EPh in 

kWh/m2y) based on YoC and EL, the density of buildings 

with “G” EL is highest before 1976, just before the first 

Italian Law on the energy performance of buildings. In 

1976, just after the petroleum crisis, the first Law to lower 

buildings’ energy demand was published in Italy. 

Sequentially, the most recent government legislation was 

adopted in 1992 and 2006. This figure analysis gives an 

insight on properties overall status quo and target 

properties for research application.   

Properties constructed simultaneously and in the same 

period can be either in their original state or significant 

energy performance. Logically, it could be concluded that 

those properties with better energy performance have 

been retrofitted. Therefore, properties that are still in their 

original state, it is reasonable to assume that an energy 

retrofit will result in similar energy performance to those 

built at a similar time period but already retrofitted, which 

can be identified by better energy label.  

 

  
Key  1  2  3  4  5  6  7  8  
YoC  Before 

1930  
1930-

1945  
1946-

1960  
1961-

1976  
1977-

1992  
1993-

2006  
After 

2006  
-  

EL  A+
  A  B  C  D  E  F  G  

Figure 3: Total EPh (kWh/m2y) / of residential properties in the 

CENED DB according to the year of construction (YoC) and 

the energy label (EL) 

Results  

Records on each of the 56 groups identified by YoC and 

EL were clustered using three CENED DB columns: a) 

average walls transmittance (Uwall); b) average windows 

transmittance (Uwindow) and c) average roofs 

transmittance (Uroof). Therefore, the elements of a cluster 

will be residential properties built in the same time period, 

with the same energy label, i.e., similar energy 

consumption, and with the components of the building 

envelope having similar transmittance. It is reasonable to 

presume that all of a cluster's properties were built using 

the same building technologies. Figure 4 depicts the Roof 

clusters of the buildings constructed between 1993-2006 

for “G”, “F”, and “A+” ELs based on their URoof. The 

clustering process allows a better understanding of the 

contents of the DB. For instance, Figure 5 presents the 

correlation between Wall and Window thermal 

transmittance in the groups of 8 Els constructed between 

1993-2006, where the poor performance of not retrofitted 

buildings is evident. 

Moreover, Figure 6 presents the relationship between 

property energy performance, as measured by EPH, and 

the average thermal transmittances of walls, roofs, and 

windows in classes with worse energy labels. It is evident 

that although the lines representing clusters gather with 

some consistency on the vertical axis for energy 

performances, they frequently cross on the other axes. 

This means that the DB records with the highest average 

envelope transmittance do not always have the worst 

energy performance and vice versa. Therefore, the 

clustering technique significantly helped in the objective 

analysis of the DB. 

a) 

b) 

c) 

Figure 4: Clustering of the dataset based on the envelope 

components (Roof) Thermal transmittance: clusters of 

average Roof transmittance of the properties built between 

1993-2006 and labeled a) G; b) F; c) A+. The gray line is 

the average transmittance of the cluster 
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Following the clustering process, an integer number was 

assigned to each one of the clusters relating to the three 

envelope components: C_Uwall for walls’ clusters, 

C_Uwindow for windows’ clusters and C_Uroof for roofs’ 

clusters as the identifier of the cluster: 

 

I={C_Uwall, C_Uwindow, C_Uroof}; 

 

Where: I is the identifier associated with each record 

 

 
Figure 6: Relationships among the average thermal 

transmittance of walls (Uwall), roofs (Uroof) and windows 

(Uwindow) and the average EPH of the clusters belonging to 

YoC “1993-2006” 

 

“I” value was used to associate with the TABULA 

Database to find the building technologies with the closest 

U values. “National Scientific report on the TABULA 

activities in Italy” is a scientific report published by 

Politecnico di Torino University to assess the energy 

consumption of national building stocks and predict the 

impact of energy efficiency measures to select effective 

retrofit strategies for existing buildings. This report is 

based on the Building Typology concept and groups 

building elements based on their construction period and 

building element thermal transmittance (U value). 

Therefore, the typical building materials and construction 

technology are indicated for each construction period and 

U value. 

Therefore, to reach a better energy label, which is the 

purpose of the retrofit process, we can easily match the 

given cluster’s current U values of wall, roof, and window 

with the U values of elements provided in TABULA to 

identify the current and desired materials and building 

techniques. It can be logically concluded that the 

properties in the same construction period with better 

energy labels have been retrofitted. Therefore, to achieve 

a better energy label, we can compare the materials and 

building technologies of the current and target clusters to 

identify the building retrofit strategy.  

Figure 7 presents the matching process constructed 

between 1946-1960 with Els of “G” and “A+”. For each 

building cluster in a given construction period and EL the 

I value is presented, based on which is possible to identify 

the building materials in TABULA. For this purpose, the 

building materials with the closes U values are selected 

and presented in Figure 7. Therefore, to reach from a 

specific cluster to a better one, the building materials of 

these two should be compared and necessary retrofit 

strategy should be determined accordingly. 

For systematic registration, an Excel spreadsheet was 

used. Table 1 presents some of the clusters of buildings 

constructed between 1946-1960 with “G” and “A+” ELs 

and their associated building materials. In order to 

propose the most optimum retrofit scenario, a comparison 

between the current and desired materials detected based 

on the TABULA DB should be made, which is itself 

based on evidence and building topologies in Lombardy 

region. 

Discussion 

The research framework is applicable to the Lombardy 

region's residential properties, as it creates a working link 

between its two main databases. In addition, the 

TABULA can provide a precise and comprehensive 

inventory of building technologies and materials. As a 

result, based on the desired Energy Label, which is itself 

defined based on available resources and technical 

obligations, most optimum retrofit strategies can be 

recommended for any given record in the database. The 

scope of this research is to describe the proposed 

framework and its implementation steps; nevertheless, 

future steps are needed to put it into practice. 

While it is obvious that improving the energy 

performance of all the target buildings would be ideal in 

order to meet recent EU decarbonization targets for the 

built environment, it is equally clear that this cannot be 

done without taking into account the retrofit costs. 

Furthermore, there are properties in the DB where it 

would be unwise to invest money because the after-

retrofit savings would be too little, resulting in a low 

Figure 5: The correlation between windows and walls transmittance of building clusters constructed between 1993-2006 
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decrease in CO2 emissions. Therefore, as a future 

direction, this research will continue to define a criterion 

for deciding which properties to invest in and  

retrofit under a limited budget scenario, based on the 

Return on Investment. 
In conclusion:  

• AI application can be highly beneficial for building 

retrofit decision-making based on national databases. 

• Clustering of properties based on energy metrics like 

thermal transmittance provide a more precise 

assessment of the current energy performance of 

residential properties. 

• As a matter of fact, energy retrofit is carried out in 

order to improve the Energy Label. Hence, knowing 

the average cluster U values for a certain construction 

period can be helpful in determining retrofit 

strategies. The TABULA is used to identify the 

building technology and materials that are related 

with each U value of building elements. 

• This study presents a data-driven and practical 

methodology for predicting energy retrofit strategies 

for residential properties in the Lombardy region. 

 
Table 1: Building materials of some clusters in "G", "A” ELs 

and YoC 1946-1960 

EL Wall Window Roof 
G Cluster 

1 

Cluster 

1 

Cluster 

1 

U_wall 

[W/Km2] 

1.27 

U_window 

[W/Km2] 

3.26 

U_roof 

[W/Km2] 

1.49 

Material: 

Hollow brick 

Material: 

Double glass, 

Material: 

Pitched roof 

masonry (40) / 

Hollow wall 

brick masonry 

with solid and 

hollow bricks 

(40 cm) 

air filled, 

metal frame 

with thermal 

break   

with wood 

structure and 

planking   

G Cluster 

3 

Cluster 

3 

Cluster 

3 

U_wall 

[W/Km2] 

0.66 

U_window 

[W/Km2] 

4.95 

U_roof 

[W/Km2] 

2.52 

Material: 

Concrete 

masonry (also 

prefabricated, 

18-20 cm), 

medium 

insulation   

Material: 

Single glass, 

wood frame   

Material: 

Pitched roof 

with brick-

concrete slab 

A Cluster 

2 

Cluster 

1 

Cluster 

1 

U_wall 

[W/Km2] 

0.70 

U_window 

[W/Km2] 

1.43 

U_roof 

[W/Km2] 

0.27 

Material: 

Concrete 

masonry (also 

prefabricated, 

18-20 cm), 

medium 

insulation   

Material: Low-

e double glass, 

air or other gas 

filled, wood 

frame   

Material: 

Pitched roof 

with wood 

structure and 

planking, high 

insulation / 

Pitched roof 

with brick-

concrete slab, 

high insulation 

/Flat roof with 

reinforced brick-

concrete slab, 

high insulation   

Figure 7: Clusters matching process with TABULA database to identify current and desired building materials and technologies for 

a given building cluster retrofit to reach a better energy label. For each YoC and EL there are building clusters identified each with 

different Uwall, Uwondow, and Uroof values. Considering that clusters with the same YoC and better EL are already retrofitted, the 

comparison between the clusters with worse Els with them can delineate the proper walls’, windows’ and roofs’ retrofit strategies 
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Conclusion 

This research proposes an AI-based decision support 

system for building energy retrofit due to the great 

demand for lowering energy consumption in European 

residential building stock. AI algorithms can deal with 

complex and abundant data, learn from previous cases, 

and predict accurately and automatically for future 

projects. Being evidence-based and referring to 

previously conducted cases, the proposed model does not 

go through conventional retrofit models' time-consuming 

and complex process and is not associated with the 

intrinsic and technical complications of the retrofitting 

process. In this context, it uses clustering techniques to 

distinguish clusters of residential properties constructed 

in same period and with similar energy characteristics like 

the U value of building components. These clusters offer 

the possibility to make a comparison between properties 

with original and meliorated energy performance, 

logically inferring properties of the same age with the 

difference of being retrofitted or not. For a given 

construction year and U values of the building 

component, the TABULA database indicates the common 

building materials and techniques. Therefore, the current 

and desired building technology of a given property will 

be apparent, based on which the retrofit strategy can be 

determined. This research contributes to increasing the 

energy performance on an urban level by providing a 

precise, reliable and quick assessment tool, which solves 

the problems of traditional retrofit decision support tools. 

Benefiting from a huge database of nearly 1 million 

building records in the Lombardy Region, it can be easily 

implemented for energy retrofit decision-making of future 

cases. The offered retrofit strategies by the model serve as 

the basis for future cost-benefit analysis and multi-criteria 

decision making by the policymakers. It is worth 

mentioning that the validation of the proposed model will 

take place in the future steps of the ongoing research 

project, which is not in the scope of this publication. 
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Abstract 

Parametric multi-objective optimization tools bear 

potential to integrate, optimize, and explore design spaces 

to support interdisciplinary decision-making. A 

parametric optimization and decision support tool was 

developed (POD tool), and an evolutionary multi-

objective optimization algorithm implemented (PMOOD 

tool) to automate design search for flexible integrated 

industrial building design. Both tools were tested within a 

user study, simulating an interdisciplinary industrial 

building design process. The POD tool is rated slightly 

higher by evaluating the users’ satisfaction with process, 

outcome, collaboration and technology through 

questionnaires for quantitative and qualitative feedback. 

The results indicate potential for improvement and future 

research regarding the PMOOD tool. 

Introduction 

Industrial building design is a highly complex task due to 

the need for a multi-disciplinary team and their deeply 

specialized knowledge. The desired high level of 

communication and collaboration represents the process’ 

diversity (Hudson et al., 2011). 

Various planning disciplines in industrial building design 

are needed to handle multifaceted projects. While the 

common goal is a durable, environmentally beneficial, 

and cost-effective building, the individual planning 

disciplines pursue different, often non-compatible sub-

aims. Within state-of-the-art planning methods, 

compromises are agreed on regularly based on the 

experience and preferences of the stakeholders (Jung et 

al., 2018). 

Parametric tools can support integration and collaboration 

at an early design stage. Building performances can be 

improved by exploring different value functions and 

generating and investigating many design alternatives 

(Haymaker et al., 2018; Ibrahim et al., 2019; Sakiyama et 

al., 2021). 

The user study of Tünger (2020) compared parametric 

design to geometry-based modeling. It was concluded that 

the participants, when modeling geometry-based, focused 

more on the design, considering the actual use of the final 

configuration and generating more topologically different 

design variants. Nevertheless, planning disciplines are 

enabled to perform several iterations and make informed 

decisions through monitoring when applying the 

parametric design method. Additionally, advantages of 

parametric design are, for example, concurrency, 

coordination, accountability, and exploration of complex 

geometries (Asl, 2014; Suyoto et al., 2015; Harding et al., 

2012). 

Trying to achieve more design alternatives in less time, 

and to integrate various planning disciplines, data and 

knowledge often get lost through intersections amongst 

them. Many present tools are identified with little 

possibilities of integrating various data and software 

(Díaz et al., 2017). 

While data- and software transfer problems still exist, 

different tools are developed to optimize and assist 

individual design processes. Evins stated a higher 

performance for lower costs in structural engineering 

designs applying multi-objective optimization (MOO) 

methods (Evins et al., 2012; Holzer, 2015). 

Implementing MOO linked to parametric models for 

performance simulations has become a wide field of 

research and improved the design process (Brown et al., 

2020). Integrating MOO to respect different aims from 

various planning fields can improve a building's 

environmental, economic, and ecological performance 

(Mueller et al., 2013; Holzer et al., 2008). 

However, while parametric design and automated 

planning methods are increasingly finding their way into 

building design processes and individual areas of the 

planning disciplines are researched to be optimized, a 

holistic approach for integrated structural building design 

optimization is missing (Reisinger et al., 2021a). In our 

previous study we developed a tool to achieve integration 

and improve structural performance for flexible industrial 

buildings (Reisinger, 2021c; Reisinger, 2022b). Within 

this conducted study, we have implemented a MOO in the 

parametric design process, and the MOO tool is tried. The 

user study results and the evaluation of the PMOOD tool 

are the focus of this paper. 
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POD tool and PMOOD tool 

The POD tool and the PMOOD tool were developed 

within the research project BIMFlexi to enable structural 

performance-based industrial building design. 

In order to create an integrated BIM-based digital 

platform for the early design stage, the research project 

BIMFlexi investigates digitally supported integrated 

planning methods in industrial building design. The 

project intends to integrate production planning into the 

industrial building design process in an early design stage 

to maximize flexibility and expandability to minimize 

life-cycle costs and environmental impacts. 

An evolutionary algorithm has been developed to 

automate design search and optimization for the 

objectives considering an industrial building’s life cycle. 

The MOO algorithm was now implemented for this user 

study to generate various structural building design 

options within a preset design space. The applied genetic 

algorithm optimizes, evaluates, and finally ranks the 

generated building options based on the performance 

results of the building on eleven objectives, including 

quantitative analysis of the life-cycle costs (LCC), life-

cycle analysis (LCA), and a flexibility rating. In the 

context of this project, flexibility is defined as “the ability 

of the building structure to resist and adapt to changes in 

use through changing manufacturing conditions” 

(Reisinger, 2021a). The presets as well as the conditions 

the genetic algorithm respects when generating building 

structures around a previous optimized production layout, 

are briefly clarified within the next chapter (Reisinger et 

al., 2020, Reisinger et al., 2021b; Reisinger et al., 2022a; 

Reisinger et al., 2022b). 

The POD tool was tested in 2020 through a pre-study. The 

experiment was conducted within an interdisciplinary 

design class with twenty-four students. Separated into 

teams of three, each group was given two weeks to 

develop a proposal for the design task of a real industrial 

production building. The design space was limited 

throughout the test to one desired variant where the 

parameters were preset manually. Subsequently, the 

users’ satisfaction on different levels was tested by 

employing questionnaires. After evaluating the 

significant results, the POD tool was further developed 

(Reisinger et al., 2021c). 

In this user study, the developed PMOOD tool is tested to 

answer the research question if the users meet the 

automatically generated structural variants of an 

industrial building in higher approval regarding their 

satisfaction with process, outcome, collaboration, and 

technology rather than the parametric script with manual 

handling of the parameters (POD tool). This paper 

presents the results of evaluating the two tools considering 

satisfaction with technology and on people-process level. 

Comparing the results among the two participating 

disciplines – architects and engineers – respecting their 

different perspectives and aims within a project, and the 

overall outcome are shown. 

 

Experiment Design 

A user study was conducted to answer the research 

question of higher satisfaction with process, outcome, 

collaboration, and technology employing the developed 

PMOOD tool rather than handling the POD tool with 

manually set parameters. The applied method to this 

experiment is based on empirical research. 

Experiment Structure 

Thirty-six students from the Vienna University of 

Technology served as participants in this user study. The 

participation was neither limited by previous knowledge 

about optimization or parametric modelling nor by any 

particular study program. Twenty-three architects and 

twelve engineers (eight civil engineers, three spatial 

planners, and one mechanical engineer) took part in the 

experiment. The participants were put into groups of two. 

A two-hour tutorial was held the day before the start of 

the user study to provide all students with the same 

information. As part of the tutorial, a team explained the 

general task (see Table 1), presented the POD tool and the 

PMOOD tool, and set the timeline for the two days of 

testing. 

 

Table 1: Preconditions of the design task 

Building Type Production 

Gross area 60.000[m²] 

Location Inntal, Austria 

Outer dimensions of 

the production 

layout 

210x130[m] 

 

The assignment was to design a structural building around 

an already generated production layout with outer 

dimensions of 210x130m. As table 1 displays the 

preconditions of the design task, the gross area held 

60.000 m² and was located in Austria, Tyrol. 

The user study was carried out in one room, where three 

design teams were each testing both tools simultaneously. 

The time limit for one approach was set to forty-five 

minutes, including replying to the questionnaire. Then 

every team proceeded to test the other tool. Figure 1 

presents the approach of both test runs: 

 

• The participants manually generated structural 

building options by manipulating the variable 

parameters in the script and analysed the 

performance assessment. (POD tool) 

• The applicants investigated the automatically 

generated building variants generated by the 

algorithm by the PMOOD tool and chose 

preferred options from the set of options the 

algorithm provided to further investigate the 

algorithm’s results. (PMOOD tool) 
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Every design team was asked to generate at least three 

building options by manual handling of the parameters 

within the POD tool and to investigate several of the 

automatically generated variants by the PMOOD tool. To 

prevent the participants from learning the procedure, the 

order of conditions was randomized across teams: i.e., the 

first group started testing the POD tool, the second one the 

PMOOD tool, group number three started again with the 

POD tool, and so forth. 
 

 

Figure 1 Approaches (POD tool) and (PMOOD tool) all 

participants are asked to conduct 

Setting POD tool 

As displayed in Figure 1, within the manual approach 

(POD tool), the participants were asked first to discuss 

different building variants they further want to investigate 

and to decide on several parameters (see Table 2; not 

availabe options are marked with “[]” in Table 2). 

After manually setting parameters within the developed 

tool, the POD tool ran its quantified assessment on three 

objectives: 

 

• Life-cycle costs (LCC) 

• Global warming potential (GWP) 

• Flexibility rating 

 

Based on its’ results, the design teams then studied and 

investigated between three to five manually shaped 

structural building designs. Every design team was asked 

to fill in a form with the agreed parameters of their 

manually formed building structures and the quantified 

results provided by the tool. After discussing the outcome 

within the teams, each team member was expected to 

reply to the questionnaire for the manual approach of the 

user study. 

Setting PMOOD tool 

For the investigation of the automatically generated 

building variants (PMOOD tool) the participants were 

shown results of the PMOOD tool within the tool itself. 

Since the calculation time of the PMOOD tool adds up to 

several hours, the MOO output was calculated 

beforehand. Therefore, the tool was preset not to 

investigate the whole possible design space (see Table 2; 

not considered options are marked with “[]” in Table 2). 

Regarding the bracing type only one of the two options 

was in calculation, and only two of three possibilities for 

the retrofitting load, representing possible future load 

capacity, were considered for the test run. 

The tool ran for about seven hours within the pre-set 

design space and calculated 1.000 variants of building 

structures. Only the 50 best-ranked options were made 

available to the participants for further investigation. 

Within those the design teams were able to sort the results 

by prioritizing calculated objectives. Figure 2 shows the 

radar diagram of the best-ranked structural building 

design. One can see that the tool assesses eleven 

objectives (clockwise from the top): LCC, GWP, 

Acidification potential (AP), Primary Energy Volume 

renewable (PEI), Primary Energy Volume unrenewable 

(PEInt), Recycling Potential, Retrofittability, 

Expandability, Flexibility in space, Flexibility in 

floorplan and Production layout. The design teams were 

asked to investigate various building options with their 

quantified results provided by the PMOOD tool. 

After discussing on various building variants among the 

automatically generated options, every participant was 

asked to reply to the specific questionnaire. 

 

 
Figure 2 Radar diagram of the best-ranked option within the 

user study (PMOOD) 
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Quantitative and qualitative assessment 

Both questionnaires, specified for each approach, were 

measuring the user’s satisfaction on people-process-level 

and with technology (see Table 3). 

 

Table 3: Examined categories within the questionnaires and 

number of questions 

Satisfaction 

with 

Technology 

Process (4) Ease of Use 

(6) 

Outcome (4) Usefulness (6) 

Collaboration 

(4) 

Visualization 

and Decision 

Making (9) 

 

For gaining quantitative assessment the Likert scale was 

implemented to give the students the following response 

options for each question: strongly disagree, disagree, 

neutral, agree, strongly agree (Likert, 1932). 

The technology acceptance model (TAM) by Davis 

(1989) was applied to the related questions to assess the 

students' satisfaction with technology. The questionnaires 

also included questions to enquire the participant’s 

 

• study program (architecture, civil engineering, 

spatial planning, different), 

• years of studies, 

• experience with parametric modeling, and 

• experience with optimization and decision 

supporting tasks/tools. 

Moreover, open questions were asked at the end of the 

surveys to request qualitative feedback regarding the 

handling and visualization of the tool and improvement 

suggestions for making interdisciplinary decisions. 

Results 

In this chapter, results based on the evaluation of thirty-

six post-questionnaires for each approach are presented. 

The questionnaires included both quantitative and 

qualitative statements.  

Three open feedback questions were asked at the end of 

each questionnaire and represent the qualitative 

assessment. Suggestions were requested to increase 

satisfaction with the process, make collaboration more 

effective, and to make interdisciplinary decisions more 

accessible. Further input was requested to state possible 

improvements regarding handling, visualization, and 

results in output. 

For quantitative assessable answers, the users' satisfaction 

on people-process level was investigated - satisfaction 

with the process, the outcome, and collaboration. 

Questions based on TAM evaluated the tool's ease of use, 

usefulness, and visualization. For the quantitative 

evaluation of the questionnaires, the response options 

were rated from 1-5, implying "strongly disagree (1)" to 

"strongly agree (5)". Since only one of the quantitively 

assessable questions intended negative feedback the 

answering choice "strongly agree (5)" was rated best. For 

the specific question, the invert of the rating was 

performed to combine and compare all answers. 

The quantitative analysis was performed in Microsoft-

Excel. Before forming the median per construct, the scale 

quality was evaluated using Cronbach's α. The median 

was then built for each discipline, architecture, as well as 

engineering, and the totality of the participants. 

Variables Options POD tool Options PMOOD tool 

Primary axis 

grid [m] 

8, 12, 16, 20, 28 8, 12, 16, 20, 28 

Secondary axis 

grid [m] 

6, 12, 18 6, 12, 18 

Primary 

structure 

Timber framework, Glued 

laminated timber beam, T-beam 

precast concrete, Steel framework, 

Steel profile 

Timber framework, Glued 

laminated timber beam, T-beam 

precast concrete, Steel framework, 

Steel profile 

Secondary 

structure 

Timber beam, Beam precast 

concrete, Steel framework, Steel 

profile 

Timber beam, Beam precast 

concrete, Steel framework, Steel 

profile 

Column types Precast concrete-quadratic, Steel-

HEM 

Precast concrete-quadratic, Steel-

HEM 

Bracing types Clamped, [Joint XY-2-X-2-Y] Clamped, [Joint XY – 2-X-2-Y] 

Retrofitting 

load 

0,1 0, [0.5], 1 

   

 

Table 2: Variable options for POD and PMOOD tool 
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POD Tool 

The following two figures present the participants’ 

satisfaction with technology (Figure 3) and work 

satisfaction (Figure 4) for the parametric script with 

manual handling of the parameters. In order to evaluate 

the results with respect to the different goals and 

perspectives of the two main disciplines, the results are 

presented by field. 

Figure 3 displays, that engineers rank the POD tool higher 

than architects in every sub-category regarding TAM. 

Engineers rate the ease of use with an average of 4.42 (vs. 

architects: 4.11) and usefulness with 4.43 (vs. architects: 

4.01). The tool’s visualization is rated highest amongst 

TAM-related categories by both disciplines – engineers’ 

rating of 4.59 and architects’ of 4.19. 

Results within the same approach (POD) but regarding 

work satisfaction are presented in Figure 4. The 

engineering students rated the outcome with 4.35 and the 

collaboration with 4.52. For these sub-categories, the 

satisfaction is ranked higher by the architects – 4.37 for 

outcome satisfaction and 4.73 for collaboration. 

Regarding process satisfaction, engineers reviewed the 

tool marginally higher (4.15) than the architectural 

students (3.97). 

 

Figure 3 Evaluation of the POD tool technology requesting the 

ease of use, usefulness, and visualization for each discipline 

Figure 4 Evaluation of the POD tool regarding satisfaction with 

process, outcome, and collaboration for each discipline 

PMOOD Tool 

The same categories concerning technology and work 

satisfaction were evaluated to investigate the automatic 

approach, applying the MOO. Figure 5 and Figure 6 

display the quantitative evaluation of the specified 

questionnaire. 

For this approach, the results suggest that the participating 

engineers were more satisfied with the usefulness and 

visualization regarding TAM. The ease of use was 

assessed on higher performance by the architects. While 

engineering students rated ease of use on average with 

3.85, architects were more satisfied, rating on average 

4.09. For usefulness and visualization, engineers ranked 

4.28 and 4.46; architects only rated 4.03 and 4.18. 

Figure 6 presents the users’ satisfaction on people-process 

level. While architects rated lowest for the process 

satisfaction with an average of 3.62, engineers were the 

least satisfied with the outcome, ranking 3.92. The 

satisfaction of collaboration and process was higher 

amongst engineers, with a rating of 4.50 and 4.19. The 

architectural students only ranked collaboration with an 

average of 4.25 but the outcome satisfaction with 4.05. 
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Figure 5 Evaluation of the PMOOD tool technology requesting 

the ease of use, usefulness, and visualization for each discipline 

4,11 4,01 4,194,42 4,43 4,59

0,00

1,00

2,00

3,00

4,00

5,00

Ease of Use Usefullness Visualisation

TAM - POD

Architects Engineers

3,62
4,05 4,254,19 3,92

4,50

0,00

1,00

2,00

3,00

4,00

5,00

Process

Satisfaction

Outcome

Satisfaction

Collaboration

Satisfaction

Satisfaction on People-

Process-Level - PMOOD

Architects Engineers

Figure 6 Evaluation of the PMOOD tool regarding satisfaction 

with process, outcome, and collaboration for each discipline 

Page 119 of 605



 

 

Comparison of POD and PMOOD tool 

Figure 7 compares the two approaches of the tool 

evaluating the surveys across all disciplines. Results show 

the overall satisfaction is higher with the manual tool 

approach (POD) than with the application of the MOO 

(PMOOD). Satisfaction with technology and on people-

process level are ranked higher for the manual tool 

approach in every sub-category. 

Regarding the assessment of work satisfaction, the 

evaluation reveals that process satisfaction is perceived as 

the category with the lowest performance for both 

approaches (POD: 4.03 and PMOOD: 3.81). For the other 

sub-categories of work satisfaction, the manual approach 

is rated higher within all categories (collaboration: POD: 

4.66 and PMOOD: 4.34; outcome: POD: 4.36 and 

PMOOD: 4.01). The questionnaires also reveal the 

highest difference in performance between the two 

approaches in the sub-category outcome satisfaction by 

0.35. 

Results for TAM show the visualization category 

performed highest in both approaches (POD: 4.33; 

PMOOD: 4.28). Usefulness (POD: 4.15; PMOOD: 4.11) 

and ease of use (POD: 4.21; PMOOD: 4.01) were within 

either approach ranked lower. 

Comparing the overall rating of all sub-categories of 

TAM and work satisfaction, results reveal a higher overall 

 

 

 

 

 

 

 

 

score of the manual approach. While the automatic 

approach is rated on average of 4.09, the manual approach 

has an average rating of 4.29. This equals to a 5% lower 

performance of the PMOOD tool. 

Qualitative assessment 

The qualitative questions of both surveys asked for 

possible improvements to increase the efficiency of the 

multi-disciplinary collaboration. They were also aimed 

for suggestions on improvements of the tools' handling 

and visualization. 

Participants stated storing variants while manually setting 

parameters to investigate another option as a possible 

improvement concerning the manual approach POD. 

Replying to the specific survey for the automatic approach 

(PMOOD), a more refined user interface with detailed 

descriptions of the MOO output was suggested as an 

improvement. Many participants also asked for the 

prospect of a more specific visualization of the variants' 

material. While the tool assigns indices for each material, 

the users would understand names or colors within the 

output as better solutions. 

One third of the participants also argued the missing 

transparency of the outputs’ calculations, concerning 

LCC, GWP, and flexibility, within both approaches. 

  

Figure 7 Evaluation approach PMOOD and approach POD regarding all categories for all disciplines 

Ease of Use Usefulness Visualisation
Process

Satisfaction
Outcome

Satisfaction
Collaboration
Satisfaction

Total

PMOOD 4,01 4,11 4,28 3,81 4,01 4,34 4,09

POD 4,21 4,15 4,33 4,03 4,36 4,66 4,29

0,00

1,00

2,00

3,00

4,00

5,00

Quantitative Results POD vs. PMOOD

PMOOD POD
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Discussion and conclusion 

A parametric optimization and decision support tool was 

developed (POD tool), and an evolutionary multi-

objective optimization algorithm implemented (PMOOD 

tool) to automate design search for flexible integrated 

industrial building design. Parametric design is crucial in 

solving multi-objective problems encountered in 

industrial building design. Exploring many more design 

variants when creating relations between criteria takes 

industrial building design to a new level. A set of 

solutions is generated when applying MOO algorithms 

and can further be investigated on quantified findings. 

A user study was conducted with thirty-six students, 

grouped into eighteen design teams, simulating a design 

process for an existing industrial production facility. The 

research question of the conducted study was the users’ 

satisfaction with process, outcome, collaboration and 

technological aspects on both tools (POD and PMOOD). 

Questionnaires requested feedback on those categories 

from every participant and concluded quantitative and 

qualitative results. 

Assessing the conducted questionnaires appraised a 

marginally higher preference of applying the POD tool 

instead of the PMOOD tool. The manual approach was 

rated higher in all questioned categories, satisfaction on 

people-process level and technology. Regarding process, 

outcome, and collaboration satisfaction, the possibility for 

collaborative working performed highest for both tools. 

Also, the qualitative assessment revealed that the 

participants described the tools as great assistance in early 

planning phases. Whereas state-of-the-art planning 

methods apply sequentially working of the different 

disciplines, the tools make it possible to work amongst 

disciplines simultaneously. Findings indicate that the 

students’ satisfaction with visualization and collaboration 

was ranked high. While the tool was seen as beneficial, 

the categories ease of use, process satisfaction, and 

outcome satisfaction were criticized. 

A restricting condition of the user study was the limited 

explored design space. The students could not interact 

with the preset design space of the algorithm since 

calculation time would significantly delay the user study 

in time. Thus, it was not possible to let the participants set 

their preferences on parameters, such as limiting the 

calculation to their choice of materials. The participants 

could therefore not investigate the overall best-ranked 

option of the PMOOD tool considering their chosen 

preferences while yet industrial building design still is a 

discipline where stakeholders' desires and experiences are 

significant planning factors. 

Comparing the approaches by discipline and category, 

results show engineers were more satisfied with the 

technology regarding the usefulness and visualization 

within both tools. The fact that engineers find the tool 

better than architects in this respect is a logical 

consequence of the tool's composition. The PMOOD tool 

optimizes structural building variants of industrial 

building designs and visualizes the primary and secondary 

structures. Still, architectural students were more satisfied 

with the tool's ease of use. It could be recognized that the 

tool can also be used profitably by architects. Sequences 

that are not necessarily within their concern can be 

quantified and quickly recorded. 

However, the research question revealed a higher 

satisfaction performing with the POD tool. Despite the 

overall better performance of the POD tool, the PMOOD 

tool ratings are in five out of six requested categories on 

average greater than 4 with the highest possible rating of 

5. The high ratings indicate that the tool helps in early 

planning phases designing more flexible, economically, 

and ecologically sustainable structural designs for the 

building's life cycle. 

Prospects for further development in research will include 

simplifying the tool’s handling and the user interface as 

revealed from the feedback of the users throughout the 

conducted questionnaires. One aspect constantly under 

development is calculation time. Based on the results of 

this study the PMOOD tool was coupled to a multi-user 

virtual reality (VR) platform (Podkosova et al., 2022). 

The testing of the evaluation of the VR PMOOD tool will 

be conducted in future research. 
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Abstract 

The current practice of statistical learning from building 

information models mostly relies on the manual 

construction of table-oriented representation of the 

numeric data. This is while the lexical information 

contained in building information models can further 

reinforce the learning process by preserving the essential 

role of the semantic relationships. In this paper, 

application of one of the state-of-the-art knowledge graph 

embedding algorithms (RDF2Vec), yielded promising 

results with regards to an object clustering task. This 

paper contributes to the literature by shedding light on the 

potential of semantic embedding algorithms to facilitate 

downstream machine learning over building knowledge 

graphs. 

Introduction 

The volume of the research studies investigating the 

subject of “Linked Building Data” has been rapidly 

increasing over the past decade. To date, a significant 

portion of the research efforts were focused on the 

development of the representation schemas and 

knowledge models using formal ontologies and semantic 

web technologies. Such research efforts have resulted in a 

fair number of high-quality ontologies and rich schemas, 

some of which maintained and/or recommended by 

internationally known standardization organizations and 

consortiums (e.g., the ifcOWL ontology officially 

maintained by buildingSMART). The existing ontologies 

have proved effective in establishing the semantic 

relationships among the disconnected pieces of building 

data coming from heterogenous and disparate sources. By 

reusing, extending, or modifying, the existing ontologies 

and with the help of the right tools and technologies rich 

graphs of the built asset data can be created for various 

purposes (e.g., data integration, semantic query, 

knowledge sharing, etc.). Such graphs can be viewed as 

“building knowledge graphs”: graph-structured data 

representations that not only contain the data that 

describes the actual instances of the building entities (their 

properties and interrelationships), but also contain the 

background domain knowledge that reveals the inherent 

semantic relationships between the graph entities.  

The existing body of knowledge on the subject of linked 

building data contains considerable research on the 

creation of semantically rich building graphs for various 

applications. The most common tools and technologies 

that were used in previous studies are among the ones that 

are officially recommended by W3C consortium as the 

semantic web standardized specifications, namely: OWL 

(web ontology language), RDF (Resource Description 

Framework), and SPARQL (a semantic query language 

for RDF triples). The ifcOWL ontology, an OWL-based 

representation of the Industry Foundation Classes (IFC) 

schema (ifcOWL, no date), has been commonly used to 

enable extra features (e.g., automated reasoning, highly 

expressive semantic query) for extending the general 

capabilities of Building Information Modeling (BIM), 

e.g., enhancing BIM interoperability with sensory 

operational data as previously reported in (Terkaj, 

Schneider and Pauwels, 2017; Zhong et al., 2018; 

Shahinmoghadam and Motamedi, 2020). 

Previous research has highlighted the automated 

reasoning power of the formal ontologies that can be used 

to automatically infer new facts about the building based 

on the predefined logical axioms (contained within the 

ontology). However, rule-based inference mechanisms 

suffer from known shortcomings (e.g., being hard to scale 

and low recall rate (Cui et al., 2019)). Given such 

limitations, an in-depth analysis of the data contained in 

the building graphs can be performed through the use of 

statistical learning and pattern recognition techniques to 

discover new knowledge from graph-structured data. Yet, 

the latter has been disproportionately less investigated 

within the literature.  

This is while the research on artificial intelligence has 

shown that knowledge graphs (i.e., formal descriptions of 

things and their interrelationships) can play a major role 

in creating hybrid intelligent systems that will 

significantly outperform traditional data processing 

systems. Such superiority of the knowledge graph-

supported systems over traditional machine learning is 

due to their ability to enable knowledge-infused learning 

processes (Sikos, 2021). The ubiquity of network 

structures in the real world and the ability of the graph 

analysis/mining methods to uncover the interactions 

between the graph entities and understand the network 

behaviour in a systematic manner has been attracting an 

increasing attention in various research areas such as 

social network analysis, recommender systems, biology 

science, and linguistics, to name a few (Goyal and Ferrara, 

2018).  

In the context of the construction and building 

engineering research, Sacks et al. (Sacks, Girolami and 

Brilakis, 2020) recently pinpointed the significant 

potential of the formally structured data models for the 

representation of building models as labeled-property 

graph models. As mentioned by Sacks et al. (Sacks, 

Girolami and Brilakis, 2020), such graph models can 
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facilitate machine learning tasks for semantic enrichment 

of building models (uncovering the implicit object 

relationships and properties within the model). The 

potential of graph-based representations for semantic 

enrichment of building information models has been most 

recently reported in (Wang, Sacks and Yeung, 2022). In 

another recent work, Abdelrahman et al. (Abdelrahman, 

Chong and Miller, 2020) presented a methodology for 

transforming labeled-property graphs obtained from IFC-

based BIM models and temporal sensor data into vector 

spaces. In that study, the researchers used two types of 

graph embedding algorithms for this purpose and 

promising results were reported accordingly. The 

existence of such studies, although still extremely rare 

within the literature, indicate to the fact that the research 

community has started to explore the potential of graph 

data science for building analytics and BIM research.   

This paper reports on initial results obtained from an 

ongoing research study that seeks to examine the potential 

usefulness of knowledge graph embedding algorithms to 

facilitate downstream statistical analysis of the data 

contained within RDF-based knowledge graphs, by 

learning vector representations of the graph entities. For 

the current study, we used RDF2Vec (Ristoski et al., 

2019): an unsupervised, task-agnostic algorithm that is 

capable of representing the entities of a given RDF graph 

as a vector of numerical values. Using an existing RDF 

dataset of a BIM model, a case study was conducted to 

examine the quality of the derived embeddings in an 

object clustering scenario. The results of the case study 

indicate that the derived embeddings had sufficient 

discriminative representation power to be used for 

obtaining fair clusters of beam and wall elements within 

the examined knowledge graph. To the best of our 

knowledge, to date, no other study has empirically 

examined the potential of the knowledge graph 

embedding algorithms for RDF-based graphs that 

represent BIM models. 

Background 

To establish the key terminology used throughout this 

paper, definition of preliminary concepts and a short 

overview of the essential background information is 

provided as follows.  

Knowledge graphs  

According to a recent survey (Hogan et al., 2021), various 

proposals have been emerging for the definition of a 

knowledge graph. Pauwels et al. (Pauwels, Costin and 

Rasmussen, 2022) have most recently conducted a 

thorough investigation of knowledge graphs and linked 

data in the context of the built environment. The interested 

reader is referred to their work to gain a profound 

understanding of the basics of knowledge graphs, the 

enabler technologies, and their usefulness for the AEC 

and smart building applications.  

For the purpose of the current study, we borrowed the 

definitions provided in (Sikos, 2021) and (Hogan et al., 

2021): A knowledge graph is a graph of data, often stored 

in graph databases or triplestores, whose nodes contain 

information about real-world entities and whose edges 

describe the interrelationships between those entities.  

Based on the above definition, an RDF representation of 

a BIM model which will be supported with ontologies 

(e.g., ifcOWL) acting as shared agreed-upon vocabularies 

and formal knowledge models, can be viewed as a 

“knowledge graph” which describes a specific building 

and its properties (e.g., object geometry, system design 

specifications, material properties, etc.). However, it 

should be noted that compared to large-scale general 

knowledge graphs such as DBpedia (Auer et al., 2007), 

RDF graphs describing individual or districts of buildings 

will be categorized as small to medium scaled knowledge 

graphs.   

Knowledge graph embedding 

With reference to the definitions presented in [6] and [11], 

a graph embedding is a mapping of the knowledge graph 

components (including the nodes and the relations) to a 

low-dimensional feature vector, while preserving the 

connection strengths and the inherent structure of the 

original graph.  

According to the above definition and in the context of the 

current study, the graph embeddings can be deemed as 

dense, lower-dimensional representations of the building 

entities that were originally described by a set of RDF 

triples. Hence, no matter if a given entity of the building 

graph has been described by words (described by triples 

consisting of string values) or by numerical data 

(described by triples consisting of numerical values), that 

entity can be quantitatively described with the help of a 

purely numeric representation in a vector space. This way, 

downstream quantitative analysis of the building graph 

data will be significantly simplified. 

Graph embedding algorithms 

Graph embedding algorithms can be defined as 

computational methods capable of learning efficient 

feature representations that can be used for mapping the 

graph components into low-dimensional continuous 

vector spaces (Wang et al., 2017). By using such 

algorithms, the numerical representations of the graph 

data in the form of the entity embeddings can be 

effectively used for various downstream tasks such as 

clustering, node classification, visualization, and link 

prediction (Goyal and Ferrara, 2018). 

In this study, the RDF2Vec algorithm (Ristoski et al., 

2019) was used to derive the embeddings for the building 

graph components in a case study. An overview of the 

RDF2Vec approach can be given as follows: the 

algorithm adapts neural language models to derive 

numerical representations of the entities in RDF graphs. 

To this end, the algorithm first transforms the graph data 

into sequences of entities, which can be deemed as word 

sentences. Then, taking the assumption that closer words 

in a sequence are statistically more dependent, it trains 
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neural language models to represent each entity in the 

RDF graph as a vector of numerical values in a latent 

feature space [9]. 

Potential benefits and applications 

Knowledge graphs and their embeddings can bring 

valuable benefits to data mining and knowledge 

extraction from building lifecycle data. This section gives 

an overview of such potential benefits and provides some 

application examples that will be of interest to the 

practice.   

Since knowledge graphs can enrich building data with 

“context” (Pauwels, Costin and Rasmussen, 2022), they 

can be used to reinforce the statistical learning processes 

by taking advantage of the semantic descriptions that can 

be found for each entity of the data within the knowledge 

graphs.  

Given the known challenges of representing the 

building’s geometry and operational data (time-series 

observations) using the linked data technologies such as 

RDF (Pauwels, Costin and Rasmussen, 2022), building 

knowledge graphs mostly consist of textual information. 

In this light, application of knowledge graph embedding 

algorithms offers a vast opportunity to enable an in-depth 

analysis of the content of the knowledge graphs, at both 

lexical and semantic levels, i.e., knowledge graph 

embeddings facilitate downstream machine learning over 

the textual information that is contained in the building 

knowledge graph.   

As the first step, knowledge graphs can be used to 

augment the building datasets with background 

knowledge (data contextualization). As the next step, by 

learning the semantic embeddings of the entities of 

interest through the use of the embedding algorithms, 

dense representations of the contextualized data can be 

obtained and represented in a continuous vector space. 

Finally, the state-of-the-art data mining and machine 

learning methods can be applied over the dense and 

vectorized representations of the knowledge graph 

content to extract new knowledge from the contextualized 

data.   

As an immediate application, knowledge graph 

embedding algorithms can be applied to assist the schema 

matching task. In particular, various machine learning 

algorithms can be applied over the learnt semantic 

embeddings of the various schemas used in AEC/FM 

domains to find the semantic correspondences of the 

entities between two or more schemas. Such application 

will be of high value to the integration of the disparate 

sources of the building data (e.g., BIM and sensor data 

integration (Shahinmoghadam and Motamedi, 2020)). As 

another important application, knowledge graph 

embeddings can be used to facilitate the semantic 

enrichment of the building information models. For 

example, the semantic embeddings of the building entities 

can be used to augment the content of an existing 

knowledge graph with semantic tags (e.g., annotating an 

ifcOWL-based representation with the tags from the Brick 

schema (Fierro et al., 2019)). Similarly, knowledge graph 

embeddings can assist in the tasks where context plays an 

essential role. An interesting potential scenario in this 

regard is to establish the semantic correspondence 

between the 3D and scheduling information in the context 

of 4D-BIM. Finally, knowledge graph embeddings can 

make direct contributions to the development of 

Question-Answering systems over building knowledge 

graphs. In this regard, the recent research in the computer 

science domain has shown that semantic embeddings of 

the knowledge graphs can effectively enhance the results 

of information retrieval and query relaxation tasks (Mai et 

al., 2020; Chen et al., 2021).   

Experimental demonstration 

Approach 

Figure 1 illustrates the main steps of the approach that has 

been adopted in this study to examine the usefulness of 

the knowledge graph embedding algorithms in the context 

of the construction and building engineering research. 

Although the body of the literature on graph analysis is 

abundant with various approaches and algorithms for 

graph embedding purposes (the interested reader is 

referred to the survey reported in (Goyal and Ferrara, 

2018)), RDF2Vec is one of the few methods that has 

proved effective for meeting the specific characteristics of 

the graphs that are represented using the RDF technology. 

Hence, we were motivated to use this algorithm to meet 

the objective of the present study, i.e., creating 

embeddings of the entities contained in RDF-formatted 

BIM data. For the sake of quantitative examinations, in 

this study we used a Python implementation of RDF2Vec 

which is publicly available at [13].  

   Figure 1: The main steps taken in this study to conduct the 

experimental evaluations 
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To create a readily usable dataset, we performed the pre-

processing of the knowledge graph that was used in this 

case study. To this end, we formulated different sets of 

SPARQL queries to perform an exploratory analysis of 

the content of the knowledge graph. More details on the 

description of the data used in this work is given in the 

next section.   

Data 

In this study we used an existing RDF-formatted 

knowledge graph which is publicly available at an online 

repository maintained by a research lab at Ghent 

University, Belgium [14]. The used model is an RDF 

representation of an IFC BIM model which has been 

created with the purpose of representing the structural 

elements of a general building. Figure 2 shows the IFC-

based visualization of the BIM model used in this work. 

Both IFC version (.ifc format) and RDF version (.ttl 

format) of the used model are publicly accessible at the 

mentioned repository under the title 

“02_BIMcollab_Example_STR”. The ifcOWL ontology 

(IFC2X3_TC1 version) is the main vocabulary (schema) 

that has been used to describe the graph entities in this 

RDF dataset. For the manipulation of the used RDF 

triples, we used RDFLib [15] which is a powerful and 

widely-used Python library for working with RDF data. 

 

Figure 2. IFC-based visualization of the building RDF 

dataset used for the case study 

For the purpose of examining the effectiveness of the 

adopted algorithm, we decided on learning the vectorized 

representation of two specific structural components, i.e., 

beams and walls. The rationale behind this decision is to 

evaluate the discriminative representation power of the 

semantic embeddings that were learnt merely from the 

textual descriptions of each element object (i.e., when 

geometric descriptions as the fundamental characteristics 

of beams and walls were absent from the building 

information model). To extract the entities of interest, two 

sets of SPARQL queries were run over the data set to 

identify all object instances of types “ifcowl:IfcBeam” 

and “ifcowl:IfcWallStandardCase”. After running the 

queries, 91 beam and 114 wall elements were found in the 

dataset. The results of the query were saved in the “.csv” 

format to be used as input to the algorithm as identifiers 

of the entities for which the embeddings should be 

computed. Moreover, other sets of SPARQL queries were 

formulated to explore the sematic descriptions that could 

be found for each entity of interest within the original 

knowledge graph. The results of the queries were also 

used to identify redundant descriptions that could be 

removed before starting the embedding learning process. 

As a result, two sets of predicates describing the owner 

history and object global ID were skipped from the 

original knowledge graph as they were of less informative 

value.       

Evaluation 

To empirically examine the usefulness of the selected 

approach, the graph embeddings derived after applying 

the RDF2Vec algorithm over the RDF dataset were used 

as input for a clustering algorithm. To this end, two types 

of structural building components, namely “beams” and 

“walls”, were considered to be included in the object 

clustering scenario. In order to be able to visually analyze 

the discriminative power of the derived embeddings, the 

dimensionality of the embeddings was reduced in a way 

to be able to create 2D data representation plots for the 

transformed entities (i.e., beams and walls). For this 

purpose, we used t-SNE algorithm (t-distributed 

Stochastic Neighbour Embedding) [16], which is a 

powerful tool for creating intuitive visualizations of high-

dimensional data. A Python implementation of this 

algorithm which is included in the Scikit-learn data 

science package was used in this study.    

Results 

Prior to running the embedding algorithm, the RDF triples 

mentioning the type of the entities (i.e., triples with 

"rdf:type" as their predicate) were skipped to be included 

within the learning process. This way, the trained model 

was kept blind from the actual entity type labels (beam 

and wall type labels).   

Subsequent to running the embedding algorithm over the 

building dataset, the main output which is the embeddings 

of the identified entities were saved to be used in the 

object clustering step. The derived embeddings are in fact 

the numerical representations of the beams and wall nodes 

with accordance to the feature vectors that were computed 

through the unsupervised training of the neural models 

based on the descriptions provided within the building’s 

RDF graph. Finally, the dimensionalities of the obtained 

beam and wall entities were reduced using the t-SNE 

technique.  

Figure 3 and Figure 4 show the 2D plots of the obtained 

beam and wall embeddings, respectively. In order to be 

able to more clearly inspect the effectiveness of the output 

for the object type clustering purpose, all embeddings 

were plotted in Figure 4 (the object unique IDs were 

removed for better readability).  

As it can be seen from Figure 3 and Figure 4, the beam 

embedding representations are more dense at the lower 

left region of the plot, while the wall embedding 
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representations are more closely packed at the upper right 

region of the plot.  

Although looking at the beam and wall embedding plots 

individually does not clearly reflect the data density 

distributions for the beam and wall objects, by looking at 

Figure 5, one can more promptly notice the difference 

between beam and wall density distributions on the plot.  

When looking at the obtained embedding plots, it must be 

noted that these representations were created after 

reducing the dimensionality of the derived embeddings, 

which was done for the sake of intuitive visual inspection 

of the results. However, the discriminative power of the 

derived numeric representations (embeddings) will be 

increased when higher dimensions of the learnt feature 

vectors are included within the computations for 

downstream analysis of the entity embeddings.  

 
Figure 3. 2D visualization of the “beam” embeddings  

To perform a more in-depth analysis of the results, the 

following steps were taken for this case study: using the 

IFC-formatted model which corresponds to the RDF 

dataset that was used in this work, we started to manually 

inspect the wall and beam elements of the building in an 

IFC viewer tool. During this inspection process, it was 

found that there exist a number of walls that are visually 

distinctive from the rest of the wall cases contained in the 

BIM model. To give an example, between the two wall 

elements highlighted in Figure 6, the wall that is marked 

with number “1” (which seems to be a foundation beam 

rather than a standard wall case), resembles more 

similarities to a beam element than to a wall in 

comparison with the other highlighted wall (the one 

marked with number “2” in the figure). 

To locate the embedding representation of the slender-

shaped wall (marked with number “1” in Figure 6) on the 

wall embeddings plot (Figure 4), we tracked its 

corresponding RDF instance by matching the GUID of the 

wall element that was extracted from the original IFC 

model. After matching the extracted GUID with the RDF 

descriptions contained in the dataset, we were able to 

locate the wall embedding of interest which is marked 

with the red arrow in Figure 4.  

 
Figure 4. 2D visualization of the “wall” embeddings 

Now, a closer look at Figure 4 and Figure 5 reveals that 

the embedding location of the tracked wall is farther from 

the dense area of wall embedding representations and 

closer to the region that beam embeddings express more 

density on the plot. Evidently, this observation is in 

accordance with our initial intuitive interpretation that 

was formed on the basis of the visual inspection of the 

wall elements. However, considering the fact that the 

obtained embedding results were not derived based on the 

detailed geometry data (the numerical values of the 

element dimensions were not included within the used 

RDF dataset at the first place), the used algorithm has 

been effectively capable of detecting the hidden inherent 

similarities between the slender walls and beam elements 

in general. 

 
Figure 5. Derived clusters for beam and wall entities 
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Figure 6. Using IFC-based representations for visual 

inspection of the building elements 

To conclude the discussion of the results, regardless of the 

small size of the dataset used in this case study, the results 

appeared to be promising with regards to the derivation of 

the numerical representations of the linked building graph 

data (RDF graphs) in vector spaces. Although the derived 

embeddings are the results of an unsupervised learning 

algorithm and the interpretation of the exact mechanism 

of such learning processes remains unclear to our 

understanding (similar to the majority of the state-of-the-

art machine learning algorithms) more profound analyses 

of the graph data might provide some clues to explain why 

some of the embeddings were slightly scattered far from 

the dense regions in beam and wall embedding plots. 

However, the observed scatteredness can be explained by 

the fact that the size of the RDF dataset used in this study 

has been relatively small. In this regard, not having access 

to a large and high-quality dataset of graph-structured 

building data in the form of RDF-based knowledge graphs 

has been one of the major challenges that we faced in this 

research study. Not only the scarcity of publicly available 

BIM models is one of the main drivers of the 

aforementioned challenge, but also the limited number 

and practical capabilities of the existing tools that can be 

used to transform conventional BIM models into 

semantically rich graph-based representations is adding to 

the severity of the challenge. Hence, since creation of   a 

large and high-quality RDF dataset will require 

considerable time, effort, and resources, further 

investigations with regards to the effectiveness of the used 

algorithm, as well as other existing graph embedding 

algorithms (as potential alternatives) will be beyond the 

scope of the current study. 

Finally, it is important to note that for the case study 

reported here, no parameter tuning was performed in 

advance to the analysis of the results. Hence, optimization 

of those parameters that have an influence on the output 

quality (e.g., graph walking strategy, number of graph 

walks, etc.) remains to be investigated through the future 

research using larger datasets with higher qualities. 

Moreover, for the future works, the usefulness of the 

embedding results should be tested in more complex 

scenarios such as multi-object classification or clustering, 

and link prediction 

Conclusion 

Statistical learning from linked building data graphs has 

been rarely investigated within the existing body of 

knowledge. The study reported in this paper sets out to 

answer the question “How the background knowledge 

embedded within the ontology-based building data 

representations (building knowledge graphs), can be 

exploited to reinforce the downstream statistical analysis 

of the graph-represented building data?” 

In this paper, we examined a graph embedding algorithm 

that has been originally proposed to facilitate derivation 

of vector representations for RDF graph components in 

continuous vector spaces. To test the quality of the results, 

a case study was conducted to use the derived embeddings 

for the purpose of creating clusters of two building 

structural elements. Despite the small size of the used 

dataset, the obtained results were promising.  

This work makes original contributions to the literature by 

elaborating on the potential benefits of applying semantic 

embedding algorithms over building knowledge graphs 

and its implications to the AEC and smart building 

domains. To allow other researchers to reproduce the 

results and/or explore the approach in their research, the 

codes used for the exploratory analysis of the knowledge 

graph, dataset creation, and learning the semantic 

embeddings of the graph entities will be made available at 

(https://github.com/ccps-lab). 

The future research will focus on the development of large 

and high-quality datasets to test and compare the 

effectiveness of the state-of-the-art knowledge graph 

embedding algorithms in more complex scenarios such as 

automated semantic tagging of the building graph data, 

automated quality checking of the building information 

models, and Question-Answering over building 

knowledge graphs. 
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Abstract 
Graph Neural Networks (GNNs) have become a popular 
toolkit for generative floor plan design. Although design 
variation has improved greatly, few studies consider non-
geometrical characteristics, such as building performance, 
in the generative design process. This paper presents a 
GNN-based approach to predict the energy performance 
for floor plan customization (energy-aware design). The 
approach lays the foundation for a performance-aware 
generative design using GNN. The results show that the 
GNN can achieve high accuracy in energy performance 
prediction. 
Keywords: GNN, spatial layout, building energy 
performance  

1. Introduction 
The European 2030 climate and energy framework sets 
targets for cutting greenhouse gas emissions and 
increasing the share of renewable energy and energy 
efficiency (European Commission, 2020). Building 
accounts for 30%-40% of total energy use globally 
(Programme United Nations Environment, 2007), and 
hence, building sectors have a large potential to reduce 
energy consumption. It is crucial to conduct energy 
analysis at the design stage to ensure future buildings are 
more energy-efficient. Decisions made at the early design 
stage can save up to 30% energy usage with no added cost 
(Elbeltagi et al., 2017). 

Graph-based generative design techniques can 
achieve high customization and efficiency in the 
schematic design of buildings (Hu et al., 2020; Para et al., 
2020). However, existing generative design approaches 
on floorplan design seldom consider building 
performance, such as energy efficiency. Only after clients 
select one or a few designs the building performance is 
evaluated using a traditional simulation tool. For example, 
the energy performance can be simulated using 
EnergyPlus (Department of Energy, 2021). This process 
is too slow for real-time feedback. Furthermore, the tools 
require the user to specify large sets of parameters which 
are usually uncertain at the early design stage. Overall, 
relying on simulation for performance estimating is time-
intensive (Pham et al., 2020). Therefore, a new approach 
is needed to integrate building performance estimates into 
generative design techniques. 

Data-driven approaches for building performance 
prediction use machine learning algorithms. Those 
algorithms include Decision Tree (DT) (Yu et al., 2010), 
Neural Network (NN) (Biswas, Robinson and Fumo, 
2016), Random Forest (RF) (Wang et al., 2018), Support 
Vector Machine (SVM) (Li et al., 2009) and multiple 
regression model (Catalina, Iordache and Caracaleanu, 
2013). Compared with the simulation models, those data-
driven approaches evaluate design with less information 
and generate results in a shorter time (Qiao, Yunusa-
Kaltungo, and Edwards, 2021).  

In pursuit of energy-aware generative design, we 
develop a GNN-based approach to building performance 
prediction. Although many studies have reviewed data-
driven predictive models for building energy performance 
(Foucquier et al., 2013; Zhang et al., 2021), no study has 
investigated GNN-based energy prediction. Furthermore, 
previous approaches do not take spatial layouts as a 
design variable (Li et al., 2009; Yu et al., 2010; Wang et 
al., 2018; Olu-Ajayi et al., 2022), since they assume that 
the design is fixed when conducting energy analysis. 
However, the spatial layout is an important design 
variable for building energy performance (Du et al., 
2021), and architects adjust it iteratively during the early 
design phase.  

To address this question, this paper is structured as 
follows. In Section 2, an overview of data-driven energy 
prediction and GNN-based floorplan design are given. In 
Section 3, a three-step approach for building performance 
prediction with GNN is presented. Three criteria are 
formulated to choose among existing GNN architectures 
based on the nature of spatial layout graphs. In Section 4, 
a test case with the proposed approach is implemented. In 
Section 5, a sensitivity analysis to check the dependence 
between floor layouts and building energy performance is 
conducted. Finally, the approach's limitations and 
directions for future work are discussed.  

2. Literature review 
In this section, we explore the potential to predict energy 
performance for floorplan design using GNN. We review 
two related topics: data-driven energy prediction models 
and GNN-based floor plan design. In the review of the 
first topic, we focus on the input features and data 
structures. For the GNN review, we pay attention to the 
graph representation of the design.  
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2.1. Data-driven energy prediction model 
The energy performance of buildings can be influenced 
by many factors, which can be categorized into four 
categories: (i) weather data, (ii) building data, (iii) the 
operation data, and (iv) occupancy data (Zhao and 
Magoulès, 2012). The second category is the most 
relevant for us as layout graphs represent building data.  

For example, Wang et al. predicted building-level 
electricity usage using Random Forest (Wang et al., 
2018). The model takes ambient weather conditions, 
occupancy data, and operation time as inputs, but building 
structure and characteristics are neglected. Yu et al. 
developed a decision tree model that considers all four 
categories above in predicting annual energy use intensity 
(Yu et al., 2010). The building characteristics include 
house type, construction type, floor area, heat loss 
coefficient, and leakage area. However, heat loss 
coefficient and leakage area are not accessible at the early 
design stage. Olu-Ajayi et al. compared nine machine 
learning algorithms to predict a building’s annual energy 
rating (Olu-Ajayi et al., 2022). The input features, 
including weather and building data, are collected at the 
early design phase. The building data consists of floor 
area, glazed area, house type, building element 
description (walls, windows, and roofs). The review by 
Zhang et al., 2021) presents further building-related data 
used for energy prediction models. 

However, none of the studies using the second 
category, building data, use the spatial layout to predict 
performance. One possible reason can be that previous 
work represents input features as n-dimensional vectors, 
which cannot fully represent spatial layouts. Unrelated to 
data representations, one more possible reason is that 
spatial layout might not be a strong predictor of building 
performance. 

In our work, we use GNNs that take graphs as input 
and can open up the possibility of exploring if spatial 
layout data can be used in performance prediction. 

2.2. GNN-based floorplan design 
In the field of architecture, the spatial relations between 
each room or structural elements in the layout are 
traditionally represented by 2D floor plan drawings. 
Similarly, many generative design techniques have 
represented layouts as pixel images (Huang and Zheng, 
2018) or voxelized wireframes (Miguel et al., 2020). 
However, these data types lose adjacency values between 
each layout element. Benefiting from the recent 
development in artificial intelligence, especially the 
graph-based deep learning algorithms, several previous 
works use graph neural networks (GNNs) for floor plan 
generation. Nauata et al., 2020 generate house layouts 
using constrained graphs. Para et al. took a further step 
than using constraint graphs by considering additional 
features, such as the number of bedrooms, for output 
manipulation (Para et al., 2020). Based on the given 
adjacency graph, Shekhawat et al. realized the floorplan 
generation with the room dimension defined by the user 
(Shekhawat et al., 2021). Zhang, 2020 used GNN to 
generate architectural layouts from a user’s text 

description, parsing it into graphs with a linguistic parser. 
Hu et al., 2020 make the adjusted-graph input for their 
GNN floor plan generation open to the user for instant 
editing. 

However, all of these related works are confined to 
simple architectural layout design. No objective functions 
have been considered, such as structural performance, 
construction cost, energy behavior, etc. The prediction of 
energy performance based on plan layout has been 
implemented through several different types of data 
structures. For instance, Wortmann and Natanian realized 
the multi-objective (including energy demands for 
heating and cooling) optimization for zero-energy urban 
design with data of building block shapes (Wortmann and 
Natanian, 2020). And also, a deep reinforcement learning 
model was proposed to optimize the solar energy 
performance of the building’s layout in a defined district 
(Han, Yan, and Liu, 2020). Nevertheless, this previous 
research simply laid on the general plan shapes and did 
not involve the inner rooms layout or the spatial relations 
of plan elements in the analysis. As a result, there is an 
opportunity to use GNN to develop a performance-aware 
generative design for the architectural floorplan. 

3. Proposed approach 
In this section, we propose a GNN-based approach for the 
building’s energy performance prediction. The approach 
is composed of the following steps:  
1. Dataset generation  
2. Graph representation of an architectural design 
3. Building performance prediction by GNN 

4.       

3.1. Dataset generation  
We use a generative design tool and an energy simulation 
engine to generate the input and output of the training data 
for building performance prediction by GNN. The 
generative design tool enables designers to specify design 
parameters and generate all possible solution 
permutations. The parameters are set within a feasible 
range, and the correlation of parameters can be defined as 
constraints. For example, a floorplan generator can create 
diverse floor layouts by initializing parameters, such as 
space type and locations automatically. Once the design 
alternatives are completed, the selected energy simulation 
engine calculates the performance values. Given a site 
condition, the weather data is defined in an EPW 
(EnergyPlus Weather Format) and set as a constant for all 
alternatives. The simulation results include heating load, 
cooling load, total energy consumption, etc., which can be 
encoded into a performance matrix.  

3.2. Graph representation of an architectural design 
The input of the GNN model is a graph representation of 
an architectural design. At the early design stage, the 
design can be a layout composed of various functional 
spaces or main building elements. Take a space as an 
example; the space relates to another space in different 
patterns which define their interaction. Typical space 
relationships include adjacent spaces, interlocking spaces, 
space within a space, spaces linked by a common space 
(Francis D. K. Ching, 2007; Hillier, 2007). Each space is 
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defined by a set of features, such as room type, area, 
location, etc. A feature matrix and an adjacency matrix 
represent such a design as a graph. The feature matrix is a 
m x n matrix, where n equals the number of spaces and m 
equals the number of features used to describe a space. 
The feature matric represents the features for each space. 
The adjacency matrix represents relationships between 
spaces as a n x n matrix. In the data structure of the 
adjacency matrix, value 1 indicates the rooms to be 
connected, while value 0 refers to no connection. Figure 
1 shows an example of floorplan design and 
corresponding feature and adjacency matrices. Figure 2 
shows the energy performance of the given floorplan.  

 
Figure 1: A floorplan design (left) and 1 × 6 feature matrix 

(right up) and 6 × 6 adjacency matrix (right down) 
 

  
Figure 2: Energy performance for the given floorplan 

 

3.3. Building performance prediction by GNN 
Graph neural networks are standardly designed to 
process and analyze data represented as graphs. For this 
research, the energy performance prediction is regarded 
as a graph regression problem (Dwivedi et al., 2020). In 
other words, the task is to regress the output variable, 
namely energy consumption, against the given graph 
structure. To guide our choice among the existing GNN 
models for graph regression (Dwivedi et al., 2020), 
including GCN (Kipf and Welling, 2017), GraphSage 
(Ahmed et al., 2017), MoNet (Monti et al., 2017), GAT 
(Veličković et al., 2018), and GatedGCN (Bresson and 
Laurent, 2017), we consider the following three criteria: 
1. Is the type of the space relationship (edge feature) 

included or not? 
For instance, the types of spatial relationships, such as 
interlocking spaces, can be modeled as edge features of 
the input graph. GCN and GraphSage, for example, do 
not consider incorporating edge features in their update 
equation. Therefore, they cannot distinguish between 
designs with the same number and size rooms but 
different spatial relationships between them. 
 

2. Is the degree of spatial connectivity high or low 
(sparse or dense graph)? 

In mathematics, a dense graph has an edge count close to 
the maximal number of edges. In architectural design, it 
refers to a design in which each space is connected to 
many adjacent spaces. GNN architectures consisting of a 
long short-term memory (LSTM) based neighborhood 
aggregation mechanism, such as GatedGCN, perform 
poorly in dense graphs. Therefore, it is not efficient for a 
design with a high degree of spatial connectivity. 
 
3. Is the scale of design, e.g., the graph size, large or 

small? 
The information propagation and aggregation in the 
graph require a long computation time when the graphs 
are large. GNN models with a sampling module, like 
GraphSage, can mitigate the problem. Another solution 
is to include an LSTM layer in the model, such as 
GatedGCN. However, this criterion becomes less 
important with the increase in computing power.      
 
Table 2: Suitability of GNNs based on the nature of floor plan 

layout graphs 

 consider types 
of spatial 

relationships 

high degree of 
spatial 

connectivity 

large number 
of spaces 

GCN Not support Suitable Not suitable 

GraphSage Not support Suitable Suitable 

MoNet Support Suitable Not suitable 

GAT Support Suitable Not suitable 

GatedGCN Support Not suitable Suitable 

      
Based on the comparison above, given the fact that our 
graph-based representation of design is a layout graph 
with no edge features, all GNNs are suitable for testing 
the approach.  

4. Implementation 
The general workflow is illustrated in Figure 3. Building 
energy analysis is mainly processed through s1.3.0, which 
are based on the Grasshopper environment in Rhino 7. 
Construction sets are defined with cool climate zone, 
building vintage of IECC 2015, and steel-framed 
construction type. The generated designs consist of six 
rooms with fixed sizes (10,15,20,25,30,35 in square 
meters) and height (3 meters). At the same time, their 
corresponding positions and shapes on the floor plan are 
randomized via the Grasshopper add-on Marmot. This 
addon transfers the graph-based information into a 
schematic floor plan. In our study, each room could have 
six possible types: office, writeup, lab support, laboratory, 
conference, and classroom. Their energy performance 
parameter is pre-defined using the Honeybee energy 
library. The ratio between the area of the apertures and the 
area of the parent face is set to 35%, the height of the 
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window is 2.8 meters, the effectiveness of sensible heat 
recovery is 0.81, and latent heat recovery is 0.75 (Tang, 
Ahmad and Yusup, 2018). 

 Our energy simulation will take for a whole annual 
period (with the sampling every 4 hours) at the region of 
logan in Boston (in energy plus weather format). Based 
on our computing configuration (AMD Ryzen 3900X), 
we generated and simulated a total of 3300 cases (taking 
21 days) with our energy analysis process and recorded 
the results into three separate matrices for the graph neural 
network training. The feature matrix stores the room type 
information, the adjacency matrix represents the spatial 
relations of the floorplan layout, and the performance 
matrix offers the final result of energy analysis. To narrow 
the output dimension for easier training in the neural 
network, we merge the energy consumption of 12 months 
into one mean value. 

The graph neural network infrastructure is built on 
PyTorch (Paszke et al., 2019) with the Adam optimizer 
(Kingma and Ba, 2015) and MAE (mean absolute error) 

as loss function. The data set is shuffled and split into 
training, testing, and validating set with the ratio of 8:1:1. 
The function of the scheduled learning rate is 
implemented so that the rate keeps lowering once there is 
no improvement of the validation loss in 5 epochs. A 
maximum of 1000 epochs with the initial learning rate of 
0.001 is configured, and the training will break out once 
the current learning rate is lower than the baseline we 
defined, which is 0.000001.  

In this study, several graph-based machine learning 
algorithms are implemented to test our data structure, 
such as GCN, MoNet, GAT, GraphSage, and GatedGCN. 
In all of these implementations, the residual connections 
(He et al., 2016) are embedded in the forward function, 
and each of the message-passing GCN layers will add 
batch normalization. In the final layers of these networks, 
a three layers downstream MLP (Multilayer perceptron) 
is built to process the final output. We set the kernel size 
of the MoNet model to 3, and the number of heads in the 
GAT model to 8.

 

Model Hidden layer Model layer Parameters Epochs Time Test MAE Train MAE 
GatedGCN 32 4 22785 136 4.1 0.1618 0.1682 
GatedGCN 32 16 87681 128 13.2 0.1618 0.1687 
GatedGCN 128 4 344577 123 5.5 0.1618 0.1692 
GatedGCN 128 16 1341441 147 22.9 0.1618 0.1671 

GCN  32 4 5377 355 4.0  0.1621 0.1675 
GCN  32 16 18817 308 9.2 0.1619 0.1677 
GCN  128 4 78337 298 4.4 0.1619 0.166 
GCN  128 16 279553 313 13 0.1621 0.1671 

MoNet 32 4 13641 389 7.2 0.1626 0.1675 
MoNet 32 16 51873 445 24.9 0.1626 0.1667 
MoNet 128 4 209481 244 7.7 0.1623 0.1662 
MoNet 128 16 804129 339 35.5 0.1624 0.167 
GAT 32 4 309249 368 17.0  0.1621 0.1673 
GAT 32 16 1107969 348 58.4 0.1618 0.1669 
GAT 128 4 4874241 314 51.9 0.162 0.1678 

Figure 3: The workflow of the proposed approach 
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Model Hidden layer Model layer Parameters Epochs Time Test MAE Train MAE 
GatedGCN 32 4 22785 136 4.1 0.1618 0.1682 

GAT 128 16 17506305 380 235.5 0.1618 0.1679 
GraphSage 32 4 9473 295 4.9 0.1621 0.1682 
GraphSage 32 16 35201 310 5.1 0.1619 0.1671 
GraphSage 128 4 143873 345 6.3 0.1618 0.1674 
GraphSage 128 16 541697 394 19.5 0.1618 0.1666 

 
All of these networks use library DGL (Wang et al., 

2019) to process the graph data, with the environment of 
CPU on Windows PyTorch, and be trained via AMD 
Ryzen 3900X. As table 1 shows, variant configurations of 
hidden layer numbers and batch size scale has been tested. 
We’ve evaluated the performance of these networks with 
MAE (mean absolute error) in both the training set and 
testing set. As the MAE calculates the distance between 
the ground truth and predicted value, the goal is to lower 
the MAE to near 0. As a result, the table indicates that all 
of the tested graph-based models have a stable and decent 
performance of our defined energy prediction task. 

5. Discussions 
The prediction model is built upon the presumption that 
the floor layout design affects the building energy 
performance. Although previous scholars have proven the 
statement (Du et al., 2021), this study also conducts a 
sensitivity analysis to validate the presumption based on 
our simulation platform (Ladybug + Radiance). In order 
to eliminate the effect of other variants (room size, room 
shape, and room type), each room is fixed as a 3m*3m 
dimension with the same thickness of the walls.  The 
study was also conducted with the same number of room 
types, whose simulation attributes are pre-defined in 
Radiance, and color tagged as: red for office, light yellow 
for writeup, dark yellow for conference, light orange for 
laboratory, dark orange for lab support, light blue for 
classroom, medium blue for corridor, and dark blue for 
storage. A total of 100 test cases were simulated, while 
the only differences between them is the spatial layout 
that is randomly generated. 
 

 
Figure 4: Energy simulation model 
 

 
Figure 5: Layout swap and corresponding building energy 
performance output 
 
 
 

 
Figure 6: Energy distribution of 100 test layouts 
 

 
Figure 7: Energy distribution of 3300 simulation layouts 
 

Figure 4 illustrates the simulation model with the 
default setting in Grasshopper (including window height, 
sizes, etc.). With the definition of orientation (North, 
South, etc.), the solar condition and louver settings 
(rotation degree, depth, etc.) on each side of the facade 
will have corresponding different parameters. It will help 
to explain the different energy outputs in Figure 5. Figure 
5 shows the results when swapping the location of 2 
rooms. The energy analysis results will change with the 
modified room layout (same as the editing of adjacency 
graph), while the general room types and numbers are 
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fixed. Figure 6 is the distribution of energy behavior with 
100 test experiments. The room types and numbers are 
fixed (meaning the 'Feature matrix' is set to constant), as 
a result, it concentratedly indicates the adjacency 
influence on the simulation results. Figure 7 shows the 
diversity of the 3300 simulation data in this paper. With 
more freedom on the 'Feature matrix', the distribution of 
the results gets higher diversity. 

6. Limitations 
However, the prediction model has two main limitations. 
First, the variables influencing energy performance are 
not fully taken into the prediction model. This work 
focuses on the design variables, such as spatial layouts 
and space types, defined by architects and clients at the 
early phase. Many other variables, such as weather data, 
are not included in the model. Another reason that 
influences the accuracy of the prediction performance is 
the GNN model itself. The message-passing-based GNNs 
are used, while Weisfeiler-Lehman based GNNs 
(WLGNN) that are not scalable for large datasets 
(Dwivedi et al., 2020) are not included in this work. New 
GNN models might be applied to take more design 
variables into account.  
Second, there is a lack of an interface that can integrate 
generative floorplan design and energy performance 
modeling. The study takes the generated floorplans as 
input and proceeds it via a GNN prediction model to get 
the performance output. Considering that the floorplans 
can be modeled in different approaches, such as 3D 
models or 2D sketches, manual data processing is done in 
this work to convert the design into the graph format. This 
can be solved by applying an object detection algorithm 
to automatically identify the design elements.  

7. Conclusions 
This paper makes three main contributions to data-driven 
energy prediction. Firstly, the proposed approach 
considers spatial layout a novel variable in the energy 
prediction model. Based on the test case presented in the 
implementation section, we conclude the approach shows 
good performance and potential to be scalable to more 
architectural variables, such as room locations. Second, a 
GNN model is utilized for the first time to predict a 
building’s energy performance. Using graphs as 
prediction inputs lays the foundation to make the newly 
emerging GNN generative design techniques 
performance-aware. And third, the proposed approach 
defines three criteria in model selection according to 
design characteristics. By doing so, we not only guide 
domain experts in AI-based applications but also explore 
a new research direction in matching machine learning 
algorithms with design characteristics.  

Future research will pursue three goals. First, more 
architectural features, such as room area, room locations, 
space relationship types, to the existing GNN model can 
be added. The structure of the GNN model needs to be 
adapted to multi-dimensional features accordingly. 
Second, the performance of the GNN models can be 
analyzed according to graphs with different 

characteristics: size, density, etc.  Last but not least, we 
aim to investigate whether GNNs can be used to find the 
design elements that influence the given building 
performance, e.g., energy efficiency, the most. 
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Abstract 

Digital technology has been showing promising outcomes 

in all phases of construction in pre, current, and post-

construction, including facility management. Emergency 

management is a topic within facility management that 

also could be improved using digital technologies, 

particularly for buildings and related asset information 

models and digital twin. Research in this field is just 

starting. This paper presents current research, trends, and 

challenges of building emergency management assisted 

by digital construction technologies. The outcome of this 

analysis shows that new technologies and areas of focus 

are not fully integrated into the deep articulation of 

facility management sub-fields. The most studied topics 

include evacuation in case of emergency, damage reports, 

and repair plans. Eventually, this work leads to identifying 

the research gaps in the use of BIM and digital technology 

in the field of emergency management and the challenges 

required to fill in those gaps. 

Keywords: BIM, Facility Management, Emergency 

Management, Digital Twin, AIM. 

Introduction 

Facility management is a broad topic where the 

boundaries of many subfields are not defined entirely. It 

is a discipline that has been practiced in the post-

construction phase of the buildings to optimize their 

lifespan (Cotts, Roper and Payant, 2010). 

Emergency management is one of many topics that are 

subcategorized under facility management. Emergency 

management is defined as the coordination of unexpected 

events in an unplanned manner. In a simplified term “a 

definition that deals with risk and risk avoidance” (George 

D. Haddow, 2020). 

Research has revealed that BIM can contribute to 

emergency management optimization. This is made 

possible by the implementation of digital monitoring 

systems. It was shown how such systems that are linked 

with BIM inhibited many emergencies.  

In order to achieve a well-organized and structured 

literature review, in this paper, a four-stage review 

method has been adopted. These four stages include (1) 

creating an initial literature mind-map that puts together 

117 research papers, categorized into three categories and 

subcategorized based on the area of focus of every paper; 

(2) identifying common challenges and gaps indicated in 

the papers which included a deep analysis of 7 state of the 

art review papers; (3) creating a secondary literature 

categorization analysis that consists of 17 papers 

categorized into two categories and subcategories based 

on their specific fields of research, while their focus was 

always emergency management in BIM; (4) defining 

research gaps in emergency management concerning BIM 

with proposed potential future research work that might 

contribute to the construction industry.  

The rest of the paper is organized into three sections. After 

the introduction (section 2); section 3 explains the primary 

analysis of categorization, indicated gaps, and challenges 

that were extracted from the 7 deeply analyzed review 

papers. Section 4 explains the secondary categorization 

focusing on emergency management, and section 5 

concludes and presents potential future research. 

BIM and Digital Solutions for Facility 

Management 
 

The broader literature survey concerns facility 

management in a BIM-based development environment 

which was aimed to establish the current trends and to find 

out gaps in the field. Some insights into the most strategic 

categories will be provided, too. A detailed analysis of the 

opportunities and implications determined by the 

application of facility management will be reported later 

on in this section.  

The preliminary stage started by collecting papers from 

international search engines such as Elsevier, IEEE, and 

Engineering Village to name the most relevant ones. The 

keywords used to search for papers were related to the 

topic from a general point of view. The most used 

keywords were Facility Management, Building 

Information Modeling (BIM), Digital Twin, and Asset 

Information Modeling (AIM). After gathering papers that 
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were related to the envisioned field of contribution, they 

have been archived in an excel sheet where they were 

identified and distributed into categories.  

The final archive consists of 117 papers that cover the 

target topic. After the second round of recategorization, it 

was shown that nearly all papers can be categorized into 

three main categories namely; (1) Digital Twin (mainly 

focused on the potential digitization of different tasks 

done by the engineer); (2) Facility Management (that is 

the set of topics that discuss generally on the available 

tools that can be enhanced); (3) Heritage BIM which is a 

category that falls outside the scope and interest of this 

paper. All the papers gathered are summarized in Table 1. 

Not all papers were referenced due to limitations required 

on the length of this paper. The difference between the 

number of papers in the archive and the references ones 

can be worked out from columns no.3 and no.4 in Table 

1, respectively.

Table 1: First categorization with reference 

Category Subcategory Total Papers Referenced Papers Selected Referenced Papers 

Digital Twin 

(59 papers) 

Acoustics 1 1 (Philipp, 2013) 

Construction 1 1 (Darko et al., 2020) 

Data 13 2 (Matarneh et al., 2019; Ozturk, 2020) 

Design 2 1 (Lan, 2016) 

Digitization 20 4 

(Yalcinkaya and Singh, 2014; 

Araszkiewicz, 2017; Edirisinghe et al., 

2017; Firdaus Razali et al., 2019) 

Energy 4 1 (Francisco et al., 2018) 

Government-concerned 5 1 (Glema, 2017) 

Handing Over 3 1 (Zhu, Shan and Xu, 2019) 

Project Management 8 1 (Zhang, 2020) 

Structure 2 1 (Wu and Lepech, 2020) 

Facility 

Management 

(53 papers) 

Asset Management (AM) 3 1 (Marzouk and Ahmed, 2019) 

Augmented Reality (AR) 5 1 (Baek, Ha and Kim, 2019) 

Emergency Management 10 10 

(Atyabi, Kiavarz Moghaddam and 

Rajabifard, 2019; Cui, Wen and Zhang, 

2019; Bayat et al., 2020; Fu and Liu, 

2020; Ma and Wu, 2020; Peijun et al., 

2020; Sergi et al., 2020; Diao and Guo, 

2021; Feng et al., 2021; Hosseini and 

Maghrebi, 2021) 

Event Management 1 1 (Krämer and Besenyői, 2018) 

Geographic Information 

System (GIS) 
3 1 (Trisyanti et al., 2019) 

Life Cycle Assessment 

(LCA) 
2 1 (Pan and Su, 2015) 

Mechanical, Electrical, and 

Plumbing (MEP) 
3 1 (Hu et al., 2018) 

Operation and Maintenance 12 1 (Pärn, Edwards and Sing, 2017) 

Plugin 7 1 (Ferguson and Law, 2019) 

Safety Management 4 4 

(Wetzel and Thabet, 2015; Tang et al., 

2019; Afzal, Shafiq and Jassmi, 2021; Wu 

et al., 2021) 

Space Management 2 2 
(Solla et al., 2020; Xiang-yan and Kun-

Fa, 2020) 

Transparency 1 1 (Guo, Yu and Fang, 2019) 

Heritage 

BIM 

(5 papers) 

Documentation and Support 3 1 (Bruno, De Fino and Fatiguso, 2018) 

Scanning 2 1 (Usmani et al., 2020) 
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Digital twin focused contributions include 59 journal 

papers categorized into 10 subcategories, which were 

defined based on the core topic of the papers. The most 

important ones are Data, Digitization, Government-

concerned, and Project Management.   

Data category focused papers emphasize the importance 

of data flow in BIM modeling, where if data is not defined 

it will cause huge consequences regardless of the purpose. 

Such matters may generate errors and clashes in the model 

and the system. Digitization focuses on the potential 

benefits of transforming traditional style tasks into 

digitalized systems thanks to the support of BIM which 

led to maximum optimization of accuracy and costs.  

Government-concerned focused papers show the potential 

integration trials of governments' implementation of BIM 

and standardizing the regulation into the policies. Such 

matters include comparisons and successful projects that 

fulfilled the requirements set by government bodies of 

specific countries and regions. Project Management 

covers all possible tasks that project managers face 

before, during, and after the project is done. These tasks 

can take advantage of the digital model. 

The second main category facility management focused 

papers consist of 53 journal papers that we sub-

categorized into 12 subcategories. The majority of them 

focused on integrating technology with facility 

management tasks for accurate and quick results. The 

most important sub-categories are Emergency 

Management, Operation and Maintenance, Safety 

Management, and Space Management. 

Emergency Management focused papers emphasized the 

potential benefits of connecting cloud models to 

monitoring and detection. They were proposing potential 

strategies that can lead to the quick evacuation of a 

premise in case of an emergency.  

Operation and Maintenance focused papers showed 

available technologies that helped facility managers in the 

building operation, for instance, the CMMS ticketing 

system that showed positive outcomes for the building 

performance.  

Safety Management focused papers were focusing on all 

the precautious measures and applying them in action to 

avoid bigger consequences that can affect the building's 

performance.  

Space Management focused papers address the managing 

of spaces in the managerial theoretical matter. The trials 

of implementing proposed strategies and present 

concluded remarks for future contributions. 

As a further step, papers were sorted into three main 

sections depending on the level of technology reliance and 

core topic. They were distributed based on reliance on 

three types of technology, hence they were divided into 

BIM, AIM, and Digital Twin. Whereas core topics were 

divided into Design, Construction, and Facility 

Management. Finally, based on a deeper analysis, another 

category level was generated under the title of Emergency 

Management and split into Maintenance, Evacuation, 

Space, and Digitization. Statistics regarding the three 

higher-level categories are depicted in Figure 1. 

Figure 1: Research Papers Area of Focus 

The chart in Figure 1 presents how technology dominates 

the focus of papers. Papers focusing on technology almost 

double those focusing on emergency management and 

core topics combined. Emergency Management as an 

independent category is even smaller compared to core 

topics. This comparison proves the potential research in 

this specific field of management.  

Figure 2: Technology Focused Papers  

In figure 2 it was shown that papers can provide different 

insights of focus per category, thus a normal and an 

intense level were defined per each type of technology. 

Literature papers showed an impressive focus on BIM 

regardless of if it was intense or not. Research papers 

presented current challenges of the topic field and digital 

merge. Thus, a huge contribution to future researchers to 

build on.  

Figure 3: Core Topic Focused Papers  
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Figure 3 distributes papers according to the core topic, and 

the bar chart shows a huge focus on facility management. 

A deeper investigation showed that the technology 

industry field already digitalized the design phase of the 

building and now is mainly focusing on the post-design 

phases of the project. Papers also investigate the huge 

financial and time waste generated in the post-

construction phase. The construction industry is gradually 

shifting its focus to guarantee the full optimization of the 

full building life cycle.   

Figure 4: Emergency Management Focused Papers 

Figure 4 compares emergency management-focused 

papers that were distributed into four main sub-categories. 

Papers under the category of evacuation talked about the 

proposed theories that are linked to algorithmic formulas. 

One example is finding the fastest route for the users in 

case of urgently required evacuation from the building. 

However, post-emergency management looks not well 

focused on, when compared to other factors. It was shown 

theoretically that it is vital to link evacuation and 

maintenance to minimize damages. Papers in respect to 

both categories are not linked within the process flow.  

Research challenges regarding Building 

Emergency Management 

As a result of the preliminary analysis followed by topic 

categorization, it was clear that several challenges were 

not been deeply investigated, yet. Emergency 

management was the broader scope that was taken as a 

core target that led to a secondary categorization analysis 

to gather research challenges that can be supported by 

building information modeling. This section will present 

the research paper's analysis that leads to emergency 

management secondary categorization to gather future 

research gaps.  

Emergency Management is a broad topic that can be 

divided into three general areas, that is precautious 

planning, action, and post-emergency. Facility Managers 

(FM) should prepare a strategy in case any emergency 

occurs in the building facility. The FM should guarantee 

the safety of the users by evacuating the premises, as well 

as minimizing the damage to the building. Finally, 

repairing the collateral damages by reporting the situation 

and learning for future matters. Fire monitoring plays a 

vital role in building fire emergency management and can 

help the facility manager grasp the fire situation in real-

time (Ma and Wu, 2020). 

It is argued that much research deals with integrating BIM 

systems in new buildings, at the same time some studies 

were dedicated to show issues faced when BIM was 

applied. Therefore, the construction industry suffers from 

integrating BIM systems (such as evacuation plans) into 

existing buildings due to the challenging transformation 

to a smart cloud model (Edirisinghe et al., 2017). 

The efficiency of the communication and information 

flow is one of the vital prerequisites for the fulfillment of 

strategic objectives of facility management to process 

emergency systems within the building scope. The goal of 

emergency facility management is to reduce building 

occupants from time-consuming tasks that are not directly 

related to the core business. Therefore, efficiency can be 

obtained by linking the quality of available building 

features with active digitalized systems for a successful 

optimized emergency management plan under facility 

management as a whole (Araszkiewicz, 2017). 

A common matter mentioned in the gathered literature is 

the early integration of the facility management process 

into emergency management. It is proven that early 

engagement of emergency facility management could 

reduce major maintenance and alterations that will affect 

the building performance before, during, and after an 

emergency appears. Facility managers mainly have to 

identify the components’ location and get access to the 

attributes and data relevant documents and emergency 

information of the components (Yalcinkaya and Singh, 

2014). 

Table 2: Second Categorization 

Based on the primary categorization and deeper analysis, 

it was concluded that a secondary categorization analysis 

that focuses on emergency management should be 

established. Therefore, a total of 17 papers were analyzed 

and categorized to the second degree as shown in Table 2 

above. 2 main categories were established which are 

safety and management. Safety consists of 6 papers which 

are divided into 2 sections, maintenance, and evacuation. 

This category emphasizes the present and future process 

of emergency in the building. Management consists of 9 

papers that focus on the prevention and optimization of 

emergency management strategies and systems.  

Research has indicated that in facility management, 

safety-related information is fragmented among multiple 

resources. They are generated throughout the lifecycle of 

a project, creating inefficiencies in the procurement of 

information. The facility manager will need to address all 

the safety concerns that apply to the maintenance process 

Category Subcategory Total Papers 

Safety 

(8 Papers) 

Maintenance 2 Papers 

Evacuation 6 Papers 

Management 

(9 Papers) 

Space 5 Papers 

Digitization 4 Papers 
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of that equipment. To achieve that goal, it is required to 

reference multiple documents to obtain a comprehensive 

understanding of the task. The inconvenience of obtaining 

comprehensive safety information scattered through 

multiple documents can result in exacerbate the likelihood 

of work-related fatality injury (Wetzel and Thabet, 2015). 

In regard to building evacuation, georeferencing BIM 

models can help identify the location of each entity, 

making it possible to establish a spatial analysis for 

different applications. BIM also offers more intelligence 

and interpretability compared to traditional styles 

regarding the optimization of any evacuation strategy 

process (Bayat et al., 2020). BIM can be used to provide 

detailed assessments of emergency management and 

evacuation. This can be supported by the integration of 

several algorithms such as Ant Colony and Dijkstra 

algorithms (Atyabi, Kiavarz Moghaddam and Rajabifard, 

2019).  

The management of space is vital in emergency case 

scenarios. Users’ behavior will lead to chaos if not 

directed properly to evacuation gather points in an 

organized matter. The literature review indicates that 

building a smart integrated system requires the 

convergence of multiple technologies which include 

WSNs, big data, AIM, and BIM. However, it should be 

noted that the building fire emergency management has 

emphasized the innovation of technology and methods if 

trapped people fail to implement the precautious plans set 

due to rapid reaction behavior (Ma and Wu, 2020). Thus, 

understanding the psychological user's reaction would 

present a successful integration application.  

New BIM technology has many advantages in resolving 

common problems in emergencies. Digitization actions 

for that matter start with the installation of multi-data 

sensors and video surveillance for 3D visualization in 

BIM models for intelligent optimized intelligent 

monitoring. The BIM model can be easily used to detect 

the exact location of the fire points online if additional 

hardware support has previously been spotted in the right 

locations all over the building. Therefore, the actions of 

the trapped and rescued groups can also be guided by the 

AIM route instructions (Ma and Wu, 2020). This is 

conditioned upon the application of suitable algorithms 

for the model.  

Based on observed literature, many research gaps exist. 

For instance, finding a quick alternative to importing data 

into the digital model of the building to get a quick and 

accurate response on important safety management plans 

set by the facility manager. Optimization of data 

transformation would help with the immediate action 

response. With evacuation, the literature review also 

suggested the urgent need for accurate testing of 

algorithms that need to be tested when applied in the 

digital cloud model and system. Since there are several 

algorithms proposed to be integrated into the digital 

prototype system, they should be further tested and 

compared. Many contributions were dedicated to 

applying and presenting research outputs in this field. A 

minor dedication was reserved to compare outputs and to 

see if there is a different evacuation route or the same 

route, as well as the time, taken to establish the 

calculations for the system to be processed.  

It was also implied that logistical aspects can affect the 

intentional purpose of the system to work successfully. 

From a building user's psychological perspective, the 

facility manager would use the general predicted reaction 

of the users and apply the emergency evacuation plan in 

their favor. However, the facility manager would not be 

able to customize evacuation plans that suit everyone. 

Therefore, research conclusions suggest setting a strategy 

that the facility manager can use to tailor evacuation plans 

on the digital model based on prior scenarios observed. 

Finally, it was shown that a huge key aspect of a 

successful implementation of the digital system is to 

determine the type, quantity, and location of sensors that 

should be installed and linked in the building project. A 

full understanding is vital for a beneficial system. 

Conclusion 

All in all, the literature review indicated many challenges 

regarding testing and implementation. The overall 

investigation showed potential research gaps that will 

contribute to the modern construction industry, and the 

secondary analysis also presented the direction in which 

emergency management with BIM is heading.  

Based on experience and final analysis, research gaps that 

need to be addressed concern the application of different 

algorithms and testing their suitability for various 

scenarios. Another important field is the effective 

management of information flow in a BIM environment. 

These outputs will guide future research performed by 

authors in building emergency management. 
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Abstract 
Integrated industrial building design, incorporating 
building and production planning, is challenging due to 
sequential processes and isolated use of discipline-
specific tools. Integrated optimizations are seldomly 
performed and sufficient decision support is lacking at 
early design stage. This paper presents a parametric 
framework for semi-automated multi-objective 
optimization and decision support (PMOOD) for flexible 
and eco-efficient industrial building structures, 
integrating production layout planning. The evolutionary 
algorithm finds best performing design solutions in terms 
of life cycle costs, life cycle assessment, recycling 
potential and flexibility. We evaluated the framework in 
an interdisciplinary user study based on a pilot-project 
from a hygiene production facility. 

Introduction 
Improving the performance of industrial buildings at early 
design stage is crucial for a sustainable built environment, 
as these building types produce and consume a huge 
amount of energy, materials and costs for construction 
and operation (Heravi et al., 2015, San-José Lombera and 
Garrucho Aprea, 2010). Industrial building design is a 
complicated task as interdisciplinary design teams try to 
counterbalance various conflicting parameters that are 
subject to different constraints. Manufacturing processes 
are frequently subject to change because of fast-
advancing technologies and product individualization, 
presenting challenges to the rigid load-bearing structure 
of the building. It is vital to analyze and optimize the load-
bearing structure and production systems in an integrated 
manner towards maximum flexibility in order to avoid 
premature rescheduling and demolitions. However, 
typically, structural design considerations enter the design 
process after architectural and production decisions have 
been made (Mueller, 2014, Bejjani et al., 2018). To 
improve the overall performance of industrial buildings it 
is necessary to seek a balance among conflicting 
objectives. Integrated optimization is rarely performed in 
current industrial building design due to sequential 
production and building design processes and a lack of 
data and model interoperability (Kampker et al., 2013, 
Ebade Esfahani et al., 2019).  
Multi-objective optimization (MOO) models, searching 
for solutions that consider the trade-off between different 

objectives, can enable automation of integrated designs 
and building performance optimization to find efficient 
designs and avoid time-consuming tasks in manual 
generation of alternatives (Manni and Nicolini, 2022). 
Commonly used optimization techniques in building 
design cannot always guarantee that the optimal solution 
is found. Nevertheless, better building performance can 
be achieved with these optimization algorithms than in 
common practice when no optimization is used 
(Machairas et al., 2014). Building performance simulation 
with multi-objective optimization algorithms have been 
widely used by researchers to explore new designs, which 
would not be accessible through traditional design 
approaches. Yet, either researchers use multi-objective 
optimization methods for production layout generation 
(Garcia-Hernandez et al., 2020, Aiello et al., 2013) or for 
structural building performance optimization (Brown et 
al., 2020, Brown and Mueller, 2016, Pan et al., 2019); a 
mutual consideration of production and structural design 
for integrated optimization has not been widely 
investigated. Furthermore, architects and engineers rarely 
consider flexibility when designing production facilities 
(Madson et al., 2020). Concluding, new integration and 
optimization methods focusing on the development of 
low-emission, cost-effective and flexible structural 
systems are needed to reduce the economic and 
environmental impacts of industrial buildings. 
This paper presents ongoing research conducted within 
the research project BIMFlexi, which aims to develop a 
holistic digital platform for design and optimization of 
flexible industrial buildings for industry 4.0 (Reisinger et 
al., 2020). The presented research of this paper aims to 
bridge the research gap of an integrated design method for 
coherent optimization of production layouts and industrial 
building structures and presents an integrated parametric 
multi-objective optimization and decision support 
(PMOOD) framework for the design of sustainable and 
flexible industrial buildings, considering dynamic 
production layouts. The research builds up on our 
previous work, where a parametric method for automated 
generation and multi-objective optimization of production 
layouts (PLGO model) (Reisinger et al., 2022b) and a 
parametric optimization and decision support framework 
for automated structural analysis with parallel 
performance assessment of life cycle costs (LCC), life 
cycle assessment (LCA), recycling potential and 
flexibility of industrial building structures (POD model)  
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(Reisinger et al., 2022a) were developed. The mentioned 
POD model did not include an automated multi-objective 
optimization routine. This is a major limitation, as the 
designers have to manually explore the design space to 
find well performing designs. Manual design exploration 
is an ineffective and time-consuming process where only 
a smaller number of design alternatives can be tested 
(Touloupaki and Theodosiou, 2017). In this paper, an 
evolutionary multi-objective optimization algorithm is 
implemented in the POD model to automate the design 
exploration search. The POD model enhanced by the 
optimization algorithm results in the presented PMOOD 
model, which now automatically finds best-performing 
structural building solutions that are optimized with 
respect to the objectives of improved LCC, LCA, 
recycling potential, and flexibility performance. In 
addition, the PLGO model is integrated into the structural 
optimization process to enable coherent optimization of 
production layouts and industrial buildings. The objective 
of this study is to test the PMOOD framework and 
implemented optimization algorithm to determine 
whether it provides feasible and satisfactory industrial 
building design results. Using a test case from a hygiene 
production facility, a user study is conducted with 
architectural and civil engineering students to evaluate if 
the automated PMOOD model provides better results than 
working with the POD model. The evaluation of the 
PMOOD model and algorithm is the focus of the user 
study. The multi-objective optimization of production 
layouts within the PLGO model is not part of this study. 

Literature review 
Evolutionary algorithms are widely used in multi-
objective optimization of building designs and can be 
applied to design problems such as façade design, 
orientation, thermal comfort, energy use, structural 
analysis and life cycle analysis (Machairas et al., 2014). 
Touloupaki and Theodosiou (2017) reviewed 
methodologies of performance-driven design 
optimization using parametric design, revealing that 
Rhino and Grasshopper are the software packages that 
currently dominate the field of computational 
performance-driven design. Future research should 
concentrate on making interfaces more user-friendly, and 
ensure that no coding skills are required. Further 
integration is needed to achieve seamless operation and 
interoperability without multiple software installation 
packages. Manni and Nicolini (2022) conducted a 
synthetic review on multi-objective optimization models 
to design climate-responsive buildings, revealing that 
most investigated models optimize energy performance 
and thermal comfort, less research focuses on minimizing 
LCC or LCA. Within the Grasshopper environment, 
existing plug-ins such as Opossum, Galapagos, Colibrì, 
and Octopus were utilized in previous studies. Various 
researchers examine methods for parametric structural 
performance optimization with different purposes and 
goals. Gan et al. (2019) propose a parametric optimization 
approach using a genetic algorithm to optimize topology 
and element size for designing cost-optimal and low-

carbon high-rise reinforced concrete structures. Turrin et 
al. (2011) presented the multidisciplinary optimization 
tool ParaGen that combines parametric modeling, 
structural and energy performance simulation and a 
genetic algorithm, which is tested on a long span roof 
structure. Brown et al. (2020) present the parametric 
toolbox Design Space Exploration for multi-objective 
optimization, structural and energy simulations and 
design exploration demonstrated on a case study 
involving complex geometry. Yi et al. (2021) developed 
a parametric method to integrate the criteria of several 
performances into multi-objective optimization. On a test 
case of a truss system, the daylight and the structure 
strength are maximized and the system’s weight, and the 
material cost minimized. Apellániz et al. (2021) present a 
parametric building design approach to optimize LCA and 
structural performance, using the One Click LCA plug-in 
for Grasshopper for environmental impact assessment, 
Karamba3D for structural analysis and Octopus for multi-
objective optimization. An optimization approach to 
improve the flexibility of building structures by 
integrating the internal spatial requirements in the 
building has not yet been extensively studied. We have 
presented a parametric design framework for industrial 
buildings, integrating production requirements, and 
enabling structural performance assessment of LCA, 
LCC, recycling potential and flexibility (Reisinger et al., 
2022a), however, the framework does not integrate 
automated design space exploration with multi-objective 
optimization. Several authors in production planning 
research use multi-objective evolutionary algorithms for 
automated generation and optimization of production 
layouts and processes (Garcia-Hernandez et al., 2020, 
Aiello et al., 2013), neglecting the integration of building 
constraints. A parametric method for automatically 
generating production layouts and for multi-objective 
optimization considering building criteria was presented 
by Reisinger et al. (2022b), however, the approach has not 
yet been integrated into a multi-objective optimization 
framework for automated generation of flexible building 
structures. Concluding, most of the reviewed workflows 
perform optimization at a single scale such as building or 
production without linking them. It is necessary to 
establish multi-objective optimization models operating 
at multiple scales, enabling to solve objective functions 
concerning different environments i.e., the production 
space and the building structure. 

Methodology 
This paper presents the enhancement of the previously 
developed POD model (Reisinger et al., 2022a) into the 
PMOOD model through integration of a multi-objective 
evolutionary algorithm for automated design generation, 
exploration and optimization. To enable the consideration 
of changing production layout scenarios in the structural 
design search, the PMOOD model is coupled to the PLGO 
model for automated generation and multi-objective 
optimization of production layouts (Reisinger et al., 
2022b), resulting in the PMOOD framework. Both 
models were developed in the visual programming tool 
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Grasshopper for Rhino3D (McNeel, 2020), while the 
PMOOD model is supplemented with Karamba3D 
components for structural analysis (Preisinger, 2020). The 
integrated industrial building design process of the 
PMOOD framework is enabled by coupling the 
Grasshopper models of PLGO and PMOOD via excel-
based programming. The PMOOD model aims to find 
best performing structural design variants with the 
objective to improve the LCC, LCA, recycling potential 
and flexibility performance. As these multiple objectives 
are conflicting, a Pareto-based approach was chosen to 
find trade-off solutions. The evolutionary algorithm for 
multi-objective optimization is written and implemented 
in the parametric PMOOD model within a C# component. 
Thereby, the following three different Pareto evolutionary 
algorithms have been implemented: SPEA2, 
SPEA2+SDE and CTAEA (Zitzler et al., 2001, Li et al., 
2014, Li et al., 2019). The implementation of the 
algorithms in the parametric framework for automated 
industrial building design is novel and a customized user 
interface for the optimization in the parametric framework 
has been developed. The resulting PMOOD framework 
and the algorithm are tested on a pilot-project from a 
hygiene production facility in Austria. Within empirical 
research, the framework and the generated design results 
of the algorithm are evaluated in an experimental user 
study with interdisciplinary design teams involving 36 
students from architecture and civil engineering from TU 
Wien. For the user study, the CTAEA was chosen as the 
optimization algorithm. 

PMOOD framework 
Framework for multi-objective optimization of 
production layouts and industrial building structures 
The integrated industrial building design process is 
enabled by coupling the Grasshopper models of PLGO 
and PMOOD via excel programming as presented in 

Figure 1. The PLGO and PMOOD model could be used 
as independent design and optimization tools. However, 
to achieve integration and to find highly flexible industrial 
building solutions that incorporate changing production 
processes, the models are coupled into an integrated 
design process. The computational models automatically 
generate production layout and building options, conduct 
automated performance assessment and objectives 
calculation and integrate an evolutionary multi-objective 
optimization approach. Building and production 
requirements and constraints such as property size, 
maximum building height or the desired production 
program serve as input to start the PLGO optimization 
process. Multiple production layout scenarios are 
generated and ranked by their performance by the PLGO 
algorithm. After production layout optimization, the users 
have to manually explore and select the preferred 
production layout scenarios provided by the PLGO model 
before integrating and investigating them in the building 
simulation. This manual interaction is intended as it 
allows the experts knowledge to be incorporated into the 
design process, rather than relying solely on the best-rated 
scenarios generated by the algorithm. To consider the 
selected layout scenarios and their geometric and load 
requirements in the structural optimization process, the 
data exchange between the PLGO model and the PMOOD 
model is automated and enabled through excel data 
format. The input to start the PMOOD model optimization 
are the user and property requirements from the input 
mask and the integrated production layout scenarios. 
After the automated generation and multi-objective 
optimization of the building options, the users have the 
possibility to go through the ranked options, set objective 
weightings and select the preferred design based on 
performance and visualization in Rhino 3D. The focus of 
this paper is on the presentation and evaluation of the 
PMOOD model and algorithm. The framework, 

Figure 1: Framework and process for integrated parametric multi-objective optimization of production and industrial buildings 
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objectives and constraints of the PLGO model were 
presented in detail in Reisinger et al. (2022b). 

The PMOOD model  
The parametric script of the PMOOD model serves as 
structural analysis, performance assessment and multi-
objective optimization tool, integrating a method to 
consider production layout scenarios. Figure 2 presents 
the parametric framework of the PMOOD model in 
Grasshopper. 
  

 
Figure 2: Framework of the PMOOD model for structural 

industrial building design optimization in Grasshopper. 
 

The framework consists of the following six elements 
that in total comprise the PMOOD model: 

• Integrating production layout scenarios: 
The geometry and load requirements of the chosen 
production layouts from the PLGO model are integrated 
in the PMOOD model and serve as inner geometrical 
constraint for the building generation and as load case 
applied to the structural system.  

• Design variables: 
The design variables considered as parameters for the 
multi-objective optimization algorithm are the axis grid 
dimension and number of axis fields in primary and 
secondary direction, the inner hall height, the roof 
structure type in primary and secondary direction, the 
column type, the bracing type, structural material types 
and the load case types. A detailed presentation of the 
design space with a description of the variables for the 
parametric industrial building model can be found in 
Reisinger (2021). 

• Geometry & loads generation: 
The base geometry of the building is generated as a 
wireframe model, according to the definition of the axis 
grid. Simultaneously, loads such as snow, wind, live and 
production loads, are applied automatically.  

• Structural analysis and element dimensioning: 
The structural element types are generated based on the 
wireframe model and the structural type and material 
variables. After generation of the structural system and 
associated elements, the structural analysis is carried out 
by pre-dimensioning the structural elements, using 
Grasshopper components of Karamba3D. 

• Objective and constraints calculation: 
The objective and constraint calculation for performance 
assessment of the structural system in terms of LCC, LCA 
and flexibility is performed directly in the parametric 
modelling environment. Table 1 shows the implemented 
objectives and constraints for multi-objective 

optimization. The PMOOD model optimizes the building 
structures according to one economic performance 
objective (O1), five environmental related objectives (O2 
– O6) and five flexibility measuring objectives (O7 – 
O11). The used methodologies for the calculation of these 
objectives are based on ISO 15686-5 for O1 the LCC 
(ISO/TC59), on IBO (2018b) for the LCA related 
objectives (O2 – O5) and on IBO (2018a) for the recycling 
potential assessment O6. The flexibility objectives O7 to 
O10 are based on the calculation of the four flexibility 
metrics presented and mathematically described in 
Reisinger (2021). Objective O11 counts how many of the 
considered production layout scenarios can be 
accommodated in the generated building option. The goal 
of O11 is to maximize the number of layout scenarios that 
can be incorporated into the rectangular building 
boundary. A detailed description of the given constraints 
in Table 1 can be found in Reisinger (2021). 
 

Table 1: Objectives and set of constraints for multi-objective 
optimization in the PMOOD model 

O Objectives [metric] Calculation 
O1 Life cycle costs [€] (ISO/TC59) 
O2 Global Warming Potential 

(GWP) [kgCO2equ.] 
(IBO, 2018b) 

O3 Acidification Potential  
[kgSO2equ.] 

(IBO, 2018b) 

O4 Primary Energy Intensity 
[MJ] 

(IBO, 2018b) 

O5 Primary Energy Non-Renew. 
[MJ] 

(IBO, 2018b) 

O6 Recycling Rate [Grade 1 – 5] (IBO, 2018a) 
O7 Retrofittability [kN/m²] (Reisinger, 2021) 
O8 Expandability [m²] (Reisinger, 2021) 
O9 Flexibility in space [m] (Reisinger, 2021) 
O10 Flexibility floor plan [m²] (Reisinger, 2021) 
O11 Production scenarios [%] Maximize number 

of layouts, fitting 
into the building  

X Constraints Allowed 
values 

X1 Structural stress utilization ≤ 1.0 [0,1] 

X2 Building height ≤ max. property 
height 

[0,1} 

X3 Structural displacement ≤ allowable 
displacement 

[0, x] 

X4 Building dimension > production 
layout boundary 

[0,1} 

X5 Building dimension < property 
dimension 

[0,1] 

X6 Secondary axis grid < span width of 
tertiary system (6 m) 

[0,6] 

X7 Stability of structural system [true, false] 
 

• Multi-objective evolutionary optimization: 
The evolutionary algorithms for multi-objective 
optimization are written in C# and implemented in the 
parametric framework within a customized Grasshopper 
component. The grasshopper C# component contains the 
Pareto evolutionary algorithms of SPEA2, SPEA2+SDE 
and CTAEA. The parametric framework calculates for the 
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given set of variables the objective values and constraints. 
The optimization tool manipulates the framework’s input 
parameters, lets the framework compute the objectives 
and constraints, and updates the population according to 
the chosen evolutionary algorithm. New inputs are 
calculated from the evolutionary algorithm and are fed 
back to the framework. Figure 3 presents the developed 
customized interface for multi-objective optimization in 
the PMOOD model. The user can choose which algorithm 
to use for optimization. For the evolutionary algorithm 
population size, number of generation, crossover rate and 
mutation rate can be directly adjusted in the optimization 
interface. The archive size is the same size as the 
population size. After optimization, the layouts are ranked 
per default by distance to the ideal point (Li et al., 2019). 
After optimization, users can sort the generated options 
using weights to facilitate design exploration.  

Framework validation 
The PMOOD framework is tested in the context of an 
interdisciplinary user study on a real hygiene production 
facility from Austria. It is validated if the framework can 
help diverse teams of students to efficiently explore the 
design space and find feasible and satisfying industrial 
building solutions in terms of design, economic, 
environmental and flexibility performance objectives.  

User study 
The empirical user study was conducted to test if the use 
of the PMOOD model with multi-objective optimization 
can provide building solutions with higher acceptance and 
satisfaction than manually investigated building options 
using the POD model with no optimization algorithm. The 
users were 36 master students from architecture and civil 
engineering at TU Wien. The students tested the 
framework in groups of two (18 groups), simulating an 
interdisciplinary design process and evaluating the design 

exploration and decision-making support potential. The 
challenge was to find structural building solutions of the 
given task to maximize the value to both designers in the 
team regarding the LCC, the GWP and the flexibility 
performance. Thereby, the users needed to investigate and 
discuss the following design parameters: the layout 
selection, the configuration and materiality of the roof 
structure and the axis grid combination. Every design 
team was asked to conduct two separate tasks with a time 
availability of 45 minutes of each task. Thus, we 
encouraged the teams to simulate two design exploration 
processes, each time recording their five best-found 
designs. The two simulation tasks were the following: 

• Using the POD model and finding satisfying 
building variants by manually manipulating the 
variables. 

• Using the PMOOD model, investigating the 
building solutions provided by the algorithm and 
selecting the best performing solutions according 
to their design intend. Performing the 
optimization with the PMOOD model, the 
chosen population size for the test case was 50 
with 20 generations. 

To avoid the learning effect in the study, eight teams 
started with the POD model and the other eight teams 
started with the PMOOD model. After completing both 
tasks, the teams had to decide which of the generated 
designs they ultimately prefer, announcing if they choose 
a final building solution found with the POD or the 
PMOOD model. 

Results 
The results of the study showed that slightly more teams 
chose the manually generated building solution of the 
POD model as final result. Ten groups chose the manual 
variant of the POD model and eight groups found an 

Figure 3: Developed multi-objective optimization window that shows ranking of the generated designs. Performance feedback of 
each selected option is provided in real time. The weighting can be applied individually for each objective on the right window side. 
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automated generated building option of the PMOOD 
model better for their needs, see Table 2.  

•  

Table 2: Results of the user study - selected options 

Start Chose final 
POD option 

Chose final 
PMOOD option 

Started with POD 4 5 
Started with PMOOD 6 3 

Total 10 8 
 

The final chosen manual POD and automated PMOOD 
building variants have been compared regarding their 
objectives, see Table 3. In 14 cases, neither the POD 
option nor the PMOOD option was clearly better in terms 
of the trade-off performance results. The choice between 
the POD and PMOOD option would therefore be one of 
preference. Two groups had a PMOOD option that 
performed clearly better than the POD option and both 
groups selected the PMOOD option as their final result. 
In two other groups, the POD option performed clearly 
better than the PMOOD option. However, instead of 
choosing the POD option, one group chose the PMOOD 
option. Possibly this indicates other preferences that could 
not be covered by the objectives, i.e. design. 
 

Table 3: Selection of options concerning performance results 

Performance 
Results 

Chose POD 
option 

Chose PMOOD 
option 

Total 

Comparable 
results 

9 5 14 

POD better 1 1 2 
PMOOD better 0 2 2 

Total 10 8 18 
 

Major differences between the investigated designs with 
the POD and PMOOD model could be found in terms of 
axis grid, materiality and roof structure types, see Figure 
4 and 5. The design space of the PMOOD model considers 
the roof structure types timber girders (TG), timber 
frameworks (TF), steel girders (SG), steel frameworks 
(SF) and T-precast concrete beams (C). Within the 
PMOOD test, the design teams considered 24 times a 
concrete construction in primary and secondary direction, 
9 times a concrete beam/timber girder combination and 9 
times a concrete beam/steel framework construction. 
When working with the POD model, the groups 
considered 14 times a timber girder construction in 
primary and secondary direction, 10 times a timber 
framework/timber girder construction and 9 times a steel 
framework construction or concrete beam/timber girder 
combination. The combinations timber girder with 
concrete beam, steel girder with concrete beam, and steel 
framework with concrete beam was only chosen when 
working with the PMOOD model, but would not have 
been considered by the designers in manual alternative 
generation with the POD model. The one-sample chi-
square test is used to assess statistical significance in 
distribution of preference answers. While the POD model 
was slightly more preferred than the PMOOD (10 vs. 8 
votes), the results of chi-square analysis suggest that this 

difference was not significant (χ2 = 0.22, p= 0.64). Finally, 
our hypothesis, that the PMOOD model is preferred over 
the POD model was not supported. 
 

 
Figure 4: Structural combinations selected and investigated by 

the design teams using the POD and PMOOD models. The 
combinations are indicated in the following form: primary 

structure type / secondary structure type. 

Discussion and conclusion 
The presented research concerned the implementation of 
a multi-objective optimization algorithm into a parametric 
framework for integrated industrial building design 
(PMOOD model), capable of meeting spatial 
requirements from production processes on building 
scales with increased attention to maximizing flexibility 
and minimizing carbon emissions and costs that are 
embodied in the materials of the load-bearing structure. A 
method is provided to enable integration of production 
and structural building design to achieve seamless 
operation and interoperability without having to use 
multiple software packages. Providing a customized 
optimization interface in Grasshopper makes the 
parametric interface more user-friendly and ensures that 
the users require no coding skills. The framework and 
algorithm were tested in an interdisciplinary user study on 
a pilot project of a hygiene production plant. It was 
evaluated whether the use of the PMOOD model with 
multi-objective evolutionary optimization can lead to 
building solutions with higher acceptance and satisfaction 
than manually created building variants using the POD 
model with no automated design exploration. Results 
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reveal that the PMOOD framework can be useful in 
providing interdisciplinary stakeholders with a better 
understanding of the implications of their design 
decisions. Considering the final choices of investigated 
building options and related performance of objectives, 
we did not find a statistically significant difference that 
the PMOOD model is preferred over the POD model. In 
this regard, the PMOOD model could potentially replace 
manual creation and reduce time for design generation 
and exploration, but it would not provide "better" 
solutions. It has been noticed that the five best rated 
automated generated PMOOD options are roof support 
structures with concrete beams in primary and secondary 
direction. Thus, the design teams very often chose 
concrete structures in the PMOOD selection, which they 
would not have investigated in manual design search. This 
indicates that material combinations are a critical factor, 
which are not yet considered in the algorithm. In 
performing the PMOOD optimization, a population size 
of 50 with 20 generations was chosen for the test case, 
resulting in 1000 building options. However, given the 
size of the design space, more than 13.000 combinations 
would have been possible. It cannot be guaranteed if the 
algorithm found the best options, affecting the outcome of 
the user study. This research focused on the development 
of the parametric framework and evolutionary algorithm. 
Existing LCC, recycling, and LCA data and methods were 
used, but their indicators and methods were not analyzed 
in depth in this study. Evaluation of data quality and 
variability in the environmental and economic outcomes 
will be explored in more detail in future research. 
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Abstract 

Before the building design is finalised, it needs to be 

checked against regulations. Traditionally, manual 

compliance checking is error-prone and time-consuming. 

As a solution, automatic compliance checking (ACC) was 

proposed. Many studies have focused on the crucial ACC 

rule interpretation process, yet no research has 

synthesised the themes and identified future research 

opportunities. This paper thus aims to fill this gap by 

conducting a systematic literature review and identifying 

challenges facing this field. Findings revealed that the 

representation development process lacks a 

methodological backdrop. Understandings of rules, 

representations, and relationships between them are 

insufficient. Potential solutions were proposed to address 

these challenges.  

Introduction 

In the AEC industry, ensuring compliance is mandatory 

before moving on to the construction stage (Soliman-

Junior et al., 2021). However, the current manual 

compliance checking process is often characterised by 

error-prone, time-consuming and costly (Han et al., 

1998;Macit İlal and Günaydın, 2017). Therefore, 

automatic code compliance checking has been actively 

researched as a promising solution. It generally includes 

four steps: rule interpretation, target model preparation for 

checking, rule checking and reporting (Eastman et al., 

2009). 

There have been two approaching perspectives to 

achieving automatic compliance checking (ACC): the 

target model perspective and the rule perspective. The 

data model perspective primarily aims to find suitable 

methods for easy and efficient data retrieval and query 

(Solihin et al., 2020). While these studies typically 

develop new methods for easier retrieval and query data, 

they tend to pay less attention to the accuracy and 

expressiveness of rule representation (i.e., rule 

representations are sometimes restricted by target data 

model structure). By contrast, rule perspective studies aim 

to develop a computer-readable representation for 

building rules with minimum knowledge loss (Solihin and 

Eastman, 2016). These studies develop methods to 

interpret rules written in natural language to a suitable 

computer-readable form, which typically requires a deep 

understanding of rule structure, semantics and complexity 

(Hjelseth and Nisbet, 2011). However, ease of retrieval 

and query of data are less accounted for, which may 

compromise the efficiency of the ACC system.  

The existing literature review on ACC mainly focuses on 

the ACC system (Eastman et al., 2009) or the target data 

model essential for ACC (Hu et al., 2021). Despite 

significant research efforts, the rule perspective research 

of ACC has yet to be synthesised. As the rule 

interpretation process is still a time-consuming bottleneck 

that impedes the efficiency and accuracy of ACC, it is 

essential to understand the current progress and existing 

issues to help the research community work towards 

problem-solving. Specifically, the research questions of 

this study are:   

1)What are the themes of ACC research in terms of the 

rule interpretation process, and how are they related to 

each other? 2)What are the challenges facing ACC from 

the rule perspective? 

Methodology 

This research adopted a systematic literature review 

method. A systematic review is a widely adopted method 

to synthesise and evaluate the state of knowledge, identify 

research gaps and create research agendas in a research 

domain (Snyder, 2019). It has been used in multiple 

previous studies in the Architectural, Engineering and 

Construction (AEC) domain.  

A keyword search was conducted using the Scopus 

database. First, peer-reviewed journal articles and 

conference proceedings that were written in English were 

selected. The authors then screened out papers that do not 

focus on the rule perspective of ACC, such as papers that 

only concern the data model structure or how the rule 

engine is built. 

Results and Findings 

Three main themes were found in the rule perspective: 

rule classification, rule organisation, and rule 

representation. Rule representation aims to use a 

computer-readable method to represent building rules in a 

structured way without losing or changing the meaning of 

the original regulation texts. It can be further divided into 

rule representation in general as the output of rule 

interpretation or as individual rule representation 
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specifically. The interpretation of rules typically includes 

the analysis of individual rules and organisation among 

rules. Individual rule interpretation and organisation 

among rules can be overlapping as scholars have a 

different definition of rule scale. While primarily dealing 

with categorising individual provisions, rule classification 

sometimes includes criteria regarding interrelationships 

among rules, thus touching on the organisation of rules. 

Their relationships are shown in Figure 1. Primary studies 

are summarised in Table 1. 

 
Figure 1: Relationships among research themes in the rule 

interpretation process 

Theme 1: Rule classification 

To assist the interpretation of rules, scholars have 

developed many classification methods. Many studies 

explored rule semantic structure. Macit İlal and Günaydın 

(2017) considered rule dependency, where rules were 

classified into self-contained and linked explanatory 

categories. The former refers to rules that are complete in 

themselves and do not depend on other rules, while the 

latter links to other rules as clarifications, exceptions, 

exemptions, or modifications. Nawari (2020) provided a 

more detailed classification with conditional, content, 

ambiguous, and dependent clauses. Conditional clauses 

can be directly interpreted into computable rules. Content 

clauses are definitions or clarifications that cannot be 

translated into true or false. Ambiguous clauses refer to 

clauses that have subjective wordings such as “big 

enough”, “relatively”. Moreover, dependent clauses mean 

whether the clauses need to be checked depending on 

other clauses. Dependent clauses are suggested to be 

checked manually due to the dependency. This 

classification method recognised the ambiguity and 

dependency of building rules. 

Soliman-Junior et al. (2020) proposed a semantic-based 

framework for hospital rule-checking, where they classify 

rules against the nature of rule (i.e., qualitative, 

quantitative and ambiguous) and the possibility of 

translation into logical rule (i.e., logical, non-logical). 

This method attempted to explore the relationships 

between the type of rule and whether it can be translated 

into a machine-readable form but failed to reveal the 

characteristics that make the rules possible or impossible 

to be interpreted into logical rules. “Non-logical” rules are 

suggested to be checked manually.  

Yurchyshyna and Zarli (2009) introduced a classification 

method based on interpretability related to the Industry 

Foundation Classes (IFC) model. The four types of 

requirements include: 1) completely IFC-interpretable 

(CI); 2) reformulated in IFC (RI) (requires human 

interpretation); 3) partially interpretable (PI) (the IFC 

model is not sufficient for interpretation); 4) non-

interpretable (NI) (rules with ambiguous information or 

describing common knowledge). A major deficiency of 

this approach is that it restrained the rule representation to 

the IFC model that is often not sufficient to represent all 

required information in the rules, especially abstract 

geometrical and topological constraints (Preidel and 

Borrmann, 2016). As a result, too many rules are left to be 

checked manually. 

The above classification methods are typically used to 

distinguish which rules are suitable for ACC and which 

are suitable for manual checking. For this reason, these 

studies tend to have a selective bias: only rule features that 

are not conducive to ACC become the main focus, such 

as dependency and conditionality, but the general features 

of rule provisions (e.g., semantic constructs and logic 

connectives) are unrevealed.  

Some studies attempted to explore general rule features. 

Hjelseth and Nisbet (2011) identified four general 

constructs in each rule clause: requirement, applicability, 

selection, and exception (RASE). They also recognised 

the influence of logical connectives among different 

semantic constructs on the checking results and used a 

tree-like method to demonstrate the logical calculus 

(Nisbet et al., 2009). In addition, the RASE method 

developed a dictionary to: 1) link the terms in the target 

model and representation; 2) maintain the consistency of 

terms; 3) deal with algorithmic calculations and 

simulations. The later extension of RASE further 

recognised the need to capture the actions when the rules 

have outcomes other than pass/fail (Beach et al., 2015). It 

incorporated “output” and “total” constructs to represent 

the “actions” in BREEAM rules. Solihin and Eastman 

(2016) also generalised rule structure logic, including 

concepts, requirements, constraints, functions, derived 

data, exceptions and rule dependency. Notably, functions 

and derived data are implicit in rule provisions. Rule 

analysts capture them when turning the “black-boxes” 

into operable white-boxes. This highlights the importance 

to go beyond the syntax, language and grammar of rules 

to understand the complexity of the rules.  

Considering the rule complexity about data structure, 

Solihin and Eastman (2015) developed a four-class 

classification method, including 1) class 1: rules that 

require a single or a small number of detailed data; 2) class 

2: rules that require simple derived attribute values; 3) 

class 3: rules that require extended data structure; 4) class 

4: rules that require a “proof of solution”. This 

classification took a holistic view of the ACC system, 

where the rule representation is later mapped to the model 

view definition of the target model. This method provided 

insights into the objects, properties and relationships that 
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need to be checked and the geometrical, mathematical 

algorithms and simulations required when executing 

rules. However, such a representation suffers from a 

similar problem with the classification proposed by 

Yurchyshyna and Zarli (2009), where the representation 

can be limited due to the limitation of IFC entities. 

Zhang and El-Gohary (2021) developed a more 

comprehensive set of metrics considering syntactic,  
Table 1: Major studies on rule classification, rule organisation and rule representation 

Reference Classification Criteria Classification Objective Rule Organisation 

Criteria 

Representation 

Method 

Fenves (1966) NA NA NA Production rule 

(decision table) 

Garrett Jr and Hakim 

(1992)  

NA NA Object-oriented, Class 

hierarchy 

Object-oriented 

Yabuki and Law (1993) NA NA Object-oriented, class 

hierarchy 

Object-oriented, 

Logic-based 

Kiliccote et al. (1994) NA NA Context-based Object-oriented 

Yurchyshyna and Zarli 

(2009) 

Based on IFC 

interpretability  

Ability for 

manual/automatic 

checking 

Content-based Semantic-based 

(semantic web) 

Tan et al. (2010) NA NA Cross-reference Production rule 

(decision table) 

Pauwels et al. (2011) NA NA NA Semantic-based 

(semantic web) 

Lee et al. (2015) NA NA NA Language-driven 

(domain-specific 

language) 

Beach et al. 

(2015);Hjelseth and 

Nisbet (2011) 

Based on rule semantic 

constructs and logical 

connectives 

Mark-ups for automatic 

checking 

Cross-reference Semantic-based 

(RASE) 

Preidel and Borrmann 

(2016) 

NA NA NA Language-driven 

(visual programming 

language) 

Solihin and Eastman 

(2015) 

Based on rule 

complexity 

Mapping to MVD for 

automatic checking 

NA NA 

Solihin and Eastman 

(2016) 

Based on general rule 

structure logic and 

interdependency 

Identify constructs for 

rule representation 

Cross-reference Logic-based 

(conceptual graph) 

Zhang and El-Gohary 

(2016) 

Based on semantics Simplifies the 

representation of patterns 

and numbers of patterns 

NA NA 

Zhang and El-Gohary 

(2021) 

Based on syntactic, 

semantic features and 

computability metrics 

Computability by 

computer 

NA NA 

Macit İlal and Günaydın 

(2017) 

Based on 

interdependency 

Ability for 

manual/automatic 

checking 

Cross-reference Semantic-based 

Kim et al. (2019) NA NA NA Language-driven 

(visual programming 

language) 

Nawari (2020) Based on semantics and 

interdependency 

Ability for 

manual/automatic 

checking 

Cross-reference Language-driven 

(LINQ) 

Soliman-Junior et al. 

(2020);Soliman-Junior et 

al. (2021) 

Based on semantics and 

logic 

Ability for 

manual/automatic 

checking 

NA NA 
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semantic features and computability metrics. A total of 12 

types have been identified using a clustering-based 

approach based on these metrics. However, this work only 

analysed IBC codes, while analysis of other regulation 

documents could find more syntactic, semantic and 

computability metrics. Furthermore, these metrics were 

tested only in the information extraction task but not in 

other tasks such as rule representation (Zhang and El-

Gohary, 2021).  

In summary, despite the many existing classifications, 

most of them are categorised using a single dimension or 

a few casually selected criteria or metrics. A consolidated 

list of metrics could better classify rules, thereby 

facilitating the rule interpretation process. 

Theme 2: Rule representation methods 

Several studies focused on rule representation. It provides 

a method for knowledge capture, which ease future 

modification and update of rules.  

One of the earliest types of rule representation is 

production rules. It takes the form of “if <conditions> 

then <actions>”. An example in this category is the 

decision table (Fenves, 1966), an unambiguous 

representation of applicable conditions and corresponding 

actions in tables. However, the main defect of this 

approach lies in its inability to show relationships among 

rules. Tan et al. (2010) proposed a new decision table 

approach with better expressiveness. Parameters (e.g., 

location, type) extracted from rules were used as sub-

headings for the decision table. The reference index is 

used to denote the original link or cross-reference. 

However, this decision table can only deal with rules with 

similar conditions and actions. What is more, it still failed 

to show the logical relationships among rules. 

Another category of representations is a logic-based 

method. Parametric tables in some commercial software 

such as Solibri Model Checker can be found in this 

category, although they are not technically a separate 

representation due to rules embedded in the rule engine. 

This method often suffers from a lack of transparency and 

is difficult to maintain (Solihin and Eastman, 2016). Some 

other work (Kerrigan and Law, 2003) adopted predicate 

logic to represent building rules. However, predicate logic 

can become lengthy and hard to read when dealing with 

complex rules. Solihin and Eastman (2016) proposed a 

conceptual graph (CG) approach to represent building 

rules to address this issue. It has the foundation in 

predicate logic but is tailored to the requirements of 

building rules using IFC properties and objects. Its 

graphic notations improve the readability. However, as it 

is based on predicate logic, it cannot represent actions 

other than true/false. In addition, the use of IFC in 

representing rules restrained this method to the target data 

model. As a result, only a limited number of rules can be 

represented using this approach. 

Some more recent studies developed semantic-based 

representation methods. Hjelseth and Nisbet (2011) 

proposed a Requirement, Applicability, Selection and 

Exception (RASE) approach concerning the semantic 

constructs of rules. This approach kept the regulation text 

as is but added mark-ups during the interpretation process 

to assist automatic checking. A tree-like method was 

employed to represent the logical connectives among 

different constructs. One of the distinguishing features of 

RASE is that instead of using IFC expressions in rule 

representation, it resorted to an intermediate method (a 

dictionary) to link building model and rule representation.  

Other attempts have been observed using natural language 

processing (NLP), which also concerned syntactic and 

semantic features of rules (Zhang and El-Gohary, 2016). 

Another semantic-based representation method is the 

semantic web (Pauwels et al., 2011;Yurchyshyna and 

Zarli, 2009). For example, SPARQL queries and query 

annotations formalise building rules (Yurchyshyna and 

Zarli, 2009). However, as this approach adopted an IFC-

based ontology, it also suffered limited expressiveness. 

Pauwels et al. (2011) addressed this issue by creating a set 

of vocabulary extracted from rules using OWL. 

Nevertheless, the semantic web is criticised for having a 

steep learning curve and is thus not easy for domain 

experts to use. 

The last category is language-based methods. It mainly 

includes domain-specific languages and visual 

programming languages. The BERA language (Lee et al., 

2015) for building circulation and spatial rules falls into 

the former group. It is a domain-specific query language 

where the syntax and functions embedded in building 

rules can be represented. Therefore, it is easier to learn for 

non-programmers compared with general-purpose 

languages. Some more recent research used visual 

programming languages (Kim et al., 2019;Preidel and 

Borrmann, 2016) to represent rules. These languages can 

represent complex rule logic without computer 

programming (Solihin and Eastman, 2016). In this 

approach, small “white boxes” with known functions are 

linked to input and output ports by wires, making the rule-

checking process transparent and easy to understand by 

rule experts (Preidel and Borrmann, 2016). 

Notwithstanding, it still has deficiencies when handling 

recursions in rules. 

Theme 3: Rule organisation 

The above-mentioned rule representation methods mainly 

focused on single rule provision, whilst few studies have 

explicitly considered rule organisation, that is, the 

relationships among rule provisions. However, it is 

essential to consider and represent rule dependencies 

because rules can be better organised, but the 

relationships and interdependencies affect the checking 

results.  

One of the earliest rule organisation methods is the SASE 

(Standards Analysis, Synthesis and Evaluation) model. It 

includes two networks on four levels. The network on the 

top level is the organisational network (organising 

building codes). The information network (dependency 

relationships among provisions) includes an individual 

provision level (decision tables), derived data items level 

and basic data items level. However, this method does not 
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apply to data items and has complex precedence 

relationships (Macit İlal and Günaydın, 2017). 

There have been some attempts using object-oriented 

thinking. For example, Garrett Jr and Hakim (1992) 

organised rules around objects in rules. Yabuki and Law 

(1993) also employed an object-oriented modelling 

method to organise rules, but their object-logic hybrid 

method includes using data items and predicate logic to 

represent rule provisions. However, both models have 

been criticised for having too complex a class hierarchy 

and being cumbersome to handle (Kiliccote et al., 1994). 

To alleviate this issue, Kiliccote et al. (1994) developed a 

context-oriented model that organised building code 

around “contexts”, which are essentially a set of 

subclasses of the applicability constructs in provisions. 

Yurchyshyna and Zarli (2009) recognised the issues of 

traditional regulation text organisation. Instead of 

organising by themes, they suggested that the rules be 

organised based on their contents. They developed three 

main classifications to organise rules, including 

classification 1) by construction, 2) by key concepts, and 

3) by application condition. However, this approach failed 

to address the interdependencies among rule provisions.  

Integrating SASE with RASE, Macit İlal and Günaydın 

(2017) proposed a method of organising rules on four 

levels, namely: domain level, rule level, rule-set level and 

management level. The domain level is a library of 

concepts, attributes, and definitions to avoid repeating 

definitions when representing rules. The rule-set level 

stresses the logical connectives among objects that 

appeared in rules. Finally, the management level 

recognises the importance of the overall organisation of 

building rules; it does so by grouping closely related rule 

sets (i.e., those with the same concepts) and connecting 

them. Nevertheless, this model is programming-intensive 

and requires the involvement of a software engineer. 

Discussion 

Many classifications, organisation and representation 

methods have been proposed but with limited practical 

implementation. The rule interpretation process has yet to 

be fully automated.  

Transforming regulation texts to computer-readable rule 

representation can be divided into two steps, rule 

interpretation and rule representation. The rule 

interpretation step requires extensive experience and 

expertise in building rules. For this reason, currently, it is 

primarily a manual process where domain experts analyse 

rules and take notes about the constructs, logic and 

implicit assumptions of rules. This is a time-consuming 

step that can take up to 30% of the total time of 

implementing a rule (Solihin and Eastman, 2016). The 

importance of automating this step has been recognised, 

while the attempts using machine learning methods (e.g., 

NLP) have not led to very satisfactory results due to the 

complexity and diversity of regulation texts. 

By contrast, the rule representation step may be easier to 

automate given all the rule semantic constructs, and 

logical connectives are already known. The RASE 

method (Nisbet et al., 2009) is an example of automating 

this step. It provides a range of different representations 

(e.g., IFC constraints) (Nisbet et al., 2009), plain language 

(Hjelseth and Nisbet, 2011), SWRL (Beach et al., 2015), 

all generated automatically from the RASE mark-upped 

regulation text. However, this method failed to connect 

different types of rules and different representations. This 

is important as not all representations are suitable for 

representing a specific type of building regulations.  

It is crucial to tackling the following issues to achieve full 

automation of the rule interpretation and representation 

process (Figure 2). 

 
Figure 2: Issues in rule interpretation and representation of 

ACC 

The current rule representation development process 

lacks a solid methodological backdrop. 

The design of a better rule representation method falls into 

the scope of design science research (Hevner and 

Chatterjee, 2010), where the rule representation method is 

the primary artefact being developed. Artefacts are 

typically developed based on specific objectives to be 

achieved (Peffers et al., 2006). The artefact development 

process requires assessment and evaluation of design 

options (i.e., different representation methods) before 

final design decisions are made (Pries-Heje et al., 2008). 

Typically, the process also includes a few iterations.  

However, in current literature, frequently new 

representations are arbitrarily borrowed from the 

available knowledge representation methods in other 

domains, without a thorough analysis of the objectives 

and required functionalities for representation. As a result, 

none of the representation methods can represent all types 

of rules (Macit İlal and Günaydın, 2017). Furthermore, 

little research has adopted evaluation methods to assess 

design options before the artefact is built. In addition, the 

current ex-post evaluation of the artefact is mainly based 

on prototype development and validation by researchers 

using the prototype without input and feedback from 

actual users. While the demonstrations showed the 

usability of the artefact, the performance tests (e.g., 

efficiency) were often not sufficient.  

The artefact should be developed with more rigorous 

building and evaluation processes to address these issues. 

It is recommended to have both ex-ante evaluations for 

design options and ex-post evaluations to test artefact 

performance (Pries-Heje et al., 2008). In this way, the 

proposed artefact's usability, efficiency, and accuracy 

could be better assessed. The proposed artefact has a 

better chance of success before putting many resources 

into its development. 
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Reporting the “unknown” and representing other 

side effects 

Many of the existing representation methods (e.g., 

predicate logic, conceptual graph (Solihin and Eastman, 

2016) for building rules are drawn from the knowledge 

representation domain, a branch of artificial intelligence 

(AI). These methods are typically not tailored for building 

regulations and mostly only deal with binary results (i.e., 

true or false). However, in automatic compliance 

checking of building regulations, as data are not always 

available in the model submitted to the ACC system, it is 

crucial to have “unknown” when the corresponding data 

cannot be found in the model provided.  

The binary results are underpinned by a closed world 

assumption, which regards what is not known as false 

(Hustadt, 1994). Considering that not all required 

information is available in the building model, this can 

easily result in many “false-negatives”, which 

compromises the accuracy and reliability of ACC.  

Two methods have been considered to alleviate this issue. 

The first one is to ask the modeller to follow a modelling 

guideline for the convenience of checking. However, 

modellers typically find this a huge burden (Amor and 

Dimyadi, 2021). It would also affect the efficiency of 

model preparation and, eventually, the whole ACC 

process. In addition, much of the extra work incurred from 

this process may not be of use during checking later on. 

The second method makes an open-world assumption. 

During the checking, the required information may not be 

available. Using an open-world assumption, when this 

happens, instead of an immediate “false”, it would be 

regarded as an “unknown”. Further questions may be 

asked, and the decision will be made based on the 

supplemented information. The second method saves 

resources, time and cost as it only requires information 

when needed. However, currently only few ACC systems 

support “unknowns”. 

In addition, some rule clauses have side effects. For 

example, in BREEAM, the final score is calculated by 

adding credits from satisfying individual clauses 

(Building Research Establishment, 2018). Current 

methods drawn from other domains are not equipped with 

this function. For this reason, a domain-specific 

representation that is tailored for building regulations is 

needed. There have been attempts to adapt existing 

knowledge representation methods for building 

regulations. For example, Solihin and Eastman (2016) 

adapted the conceptual graph (Sowa, 1976) and proposed 

a new conceptual graph with features in line with BIM 

data. However, care must be taken when making such an 

adaptation. It could easily result in a lack of rigour 

because it may not be valid mathematically and logically. 

Many representations are restricted by target model 

structure and rule engine 

Many existing representations are developed using the 

properties, objects, and relationships from the target data 

model to facilitate the rule checking process. For example, 

many studies structured the regulation representation 

based on IFC's objects, properties, and relationships. 

However, although IFC has been updated many times and 

is fairly mature, its expressiveness is still limited. Some 

rules cannot be represented using the properties, objects, 

and relationships from IFC, or it would be very 

cumbersome to use IFC to represent (e.g., circulation 

rules). This may ultimately limit the usability and 

efficiency of the ACC system.  

Apart from the restrictions from the target data model, 

some rule representations also suffer from the restriction 

by the rule engine. For example, to adapt to a specific rule 

engine, the objects to be checked need to be translated 

from natural language to the form acceptable in the rule 

engine to enable the matching and checking process. 

Examples of such methods include query-based (Solihin 

et al., 2020) and domain-specific-language-based (e.g., 

Lee et al., 2015) representations with specific syntax and 

grammars customised to the specific rule engine.  

The expressiveness issue calls for an intermediate way to 

link different ontologies, thus achieving the connection of 

the target data model and the rule representation. A viable 

way for this seems to be a dictionary-like approach (e.g., 

Nisbet et al., 2009) using a customised and expandable 

dictionary to link the objects, properties and relationships 

in the data model (typically BIM model) to the rule 

representation. Such a method keeps the representation 

free from being restricted by the data model and rule 

engine structure. 

Lacks thorough understanding of rule texts 

The classification methods in literature can be categorised 

into the following types based on the main criteria used 

for classification: semantics, complexity, interpretability 

with IFC, logic, syntactic, interdependency or a mixture 

of some of these. Although these classifications shed 

some light on building rules, there are still some 

deficiencies of these methods: 

1) many classifications only focus on one aspect of 

building rules (e.g., semantics). However, as rules have 

different semantic constructs, logic features, the 

complexity of checking, implicit assumptions, this could 

easily lead to a partial understanding of rules. 

Furthermore, when a comprehensive understanding of 

rules is lacking, it is easy to regard them as manual-

checkable. This limits the scope of using automatic 

checking and ultimately affects checking efficiency. 

2) many classifications are proposed solely to analyse 

whether a given rule can be checked automatically or not. 

Although this is an important goal of analysing rules, the 

classification could provide more benefits, such as 

identifying suitable representation methods based on the 

features of a specific type of rule. 

Existing classification methods mainly focused on 

individual provisions. As a result, many of them failed to 

recognise the importance of requirement titles when 

interpreting these rule provisions, regarding them as 

irrelevant or even “nonsense” (Zhang and El-Gohary, 

2021). However, titles could provide an essential context 

or applicability for the rule provisions. In addition, while 
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focusing on individual rule provisions, the linkages and 

interdependencies among sentences have mainly been 

ignored.  

To address this issue, a consolidated list of aspects should 

be used to conduct the rule analysis to obtain a thorough 

understanding of rules. Specifically, the consolidated list 

should consider two levels. On the lower level, it concerns 

the constructs of individual rules. This may include the 

complexity of checking the rules, the level of ambiguity, 

the semantic constructs (e.g., conditions, requirements), 

etc. The definition and scale of an individual rule also 

need to be made clear. On the higher level, the 

relationships among rule constructs and different rule 

clauses also need to be analysed. 

Lacks knowledge of relationships between 

representations and rule type 

The relationships between representations and rules are 

reflected by the representation method's capabilities and 

the capabilities needed to represent specific rules (Figure 

3). Unfortunately, existing research largely ignores the 

exploration of such relationships. As a result, the 

representation development process typically improved 

certain aspects of representation (e.g., conciseness) at the 

cost of the others (e.g., expressiveness). This could be one 

of the reasons why there is still no representation capable 

of representing all building rules. Therefore, a change is 

needed in the representation development process to 

address this issue. It is envisaged that the new process 

should ideally include four steps: 

1) identify what rules are being represented;  

2) analyse and extract rule features; 

3)make comparisons of several potential representations, 

analysing their capabilities and capabilities that some 

valid adaptations can acquire; 

4) select and match rules and representations (make some 

adaptations if needed).  

 
Figure 3: Relationships among rules, capabilities and 

representations 

Using the proposed steps, developers will have a good 

idea of what capabilities they are looking for when they 

develop the representation method. The developed 

representation method can better fulfil the proposed goals 

by analysing the rule features and the relationships 

between rules and representations. 

Conclusion 

Automatic code compliance checking is a promising 

method to accelerate the design review and approval 

process, help achieve better quality, productivity gain and 

cost savings in the AEC industry. However, one of the 

keys to ensuring a favourable ACC result lies in accurate 

and efficient rule interpretation and representation.  

Despite intensive research in this domain, the rule 

interpretation and representation processes are yet to be 

fully automated. Reasons for that lie across the rules, 

representations and the relationships between them. In 

this paper, the authors identified and explained five issues 

in the rule classification, rule representation and rule 

organistaion aspects, including: 1) the lack of solid 

methodological backdrop in current rule representation 

development processes; 2) reporting the “unknown” and 

representing other side effects; 3) representations are 

restricted by the target data model and/or rule engine; 4) 

the understanding of rule texts is not thorough; 5) lacks 

knowledge of relationships between representations and 

rule type. Potential solutions were also proposed. This 

research is significant to the research community and 

practitioners by providing research directions and 

potential ideas for representation development.   
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Abstract
Integration between Building Information Modelling
(BIM) and Building Automation Systems (BAS) can pro-
vide valuable, accurate and real-time data and control for
context-aware Demand-Side Management (DSM). Despite
recent efforts to enable smart, efficient and grid-interactive
buildings leveraging BIM and BAS, their interoperability
remains limited. According to the literature, ontology-
driven architectures provide a promising direction for en-
abling seamless data exchange. This review qualitatively
analyses eight BIM and BAS ontologies to determine their
suitability for context-aware DSM. By mitigating inter-
operability issues within DSM mechanisms, the use of
ontologies can promote energy flexibility, environmental
comfort, operational efficiency and reduced energy costs.

Introduction
The International Energy Agency (IEA) estimates that in
2040 the European Union will reduce the curtailment of re-
newable energy sources from 7% to 1.6% and avoid around
30 million tonnes of carbon dioxide emissions by deploy-
ing flexibility measures, such as Demand-Side Manage-
ment (DSM) (Turk & Cozzi 2017). DSM refers to flexible
operation strategies from the demand side that support the
power grid to mitigate energy demand and generation mis-
matches. As the building industry accounts for 35% of
the global energy demand, it points to the great potential
of building-focused DSM (United Nations Environment
Programme 2020). However, for DSM to be effective,
building loads must be controlled in a responsive, adaptive
and intelligent way, respecting local ambient conditions
and occupant needs. In line with these aspects, the au-
thors previously suggested a context-aware approach based
on integrating Building Information Modeling (BIM) and
Building Automation Systems (BAS) (Pereira et al. 2021).
Such integration provides valuable, accurate and real-time
data on building assets and energy systems, besides con-
trolling capabilities in response to contextual conditions
(e.g., grid signals, indoor temperature, occupancy status).
However, due to the heterogeneous nature of BIM and BAS
data sources, their interoperability, or lack thereof, exhibits
challenges for promoting context-aware DSM (Koh et al.
2017). To enable interoperability among interdisciplinary
domains in the context of smart grid, the GridWise Ar-
chitecture Council proposes a context-setting framework,

which defines three conceptual layers: syntax, semantics,
and pragmatics (GridWise Architecture Council 2008).
Within the semantic layer, ontology-based architectures
support shareable domain models, information exchange
and logical inference, promoting data consistency, inter-
operability and automated reasoning capabilities (Pauwels
et al. 2017). To date, due to the fragmented aspects of
DSM mechanisms, there is no unified ontology solution to
model contextual DSM concepts, instead there are several
BIM and BAS related ontologies available.
BIM and BAS ontologies have been reviewed in previ-
ous studies for building energy applications. Quinn &
McArthur (2021) proposed a qualitative and quantitative
comparison between the Brick and Haystask ontologies
using building datasets, accurately assessing their com-
pleteness ratio at a granular level. Pritoni et al. (2021)
analysed in depth five popular ontologies, identifying their
gaps and overlaps. Luo et al. (2021) investigated an align-
ment between standardised toolsets, including ontologies,
to facilitate the exchange of information among multiple
data sources. Although these studies provided detailed
analysis of various ontologies, this paper proposes a first
of its kind analysis of BIM and BAS related ontologies to
deliver context-aware DSM.
This paper aims to provide an exploratory qualitative re-
search method that assesses the suitability of eight BIM
and BAS related ontologies for DSM from the building
perspective. To achieve this, the paper is structured as
follows: section 2 outlines the methodology, section 3
presents an overview of identified BIM and BAS-related
ontologies, section 4 assesses each ontology, section 5 dis-
cusses the strengths and limitations of each ontology for
suitability to DSM and suggests the most suitable ones,
and finally, section 6 presents the concluding remarks and
outlines future research directions.

Research Method
This study follows a four step methodology, including: A.
Ontologies Search, B. Ontologies Assessment, C. Ontolo-
gies Comparison and D. Ontologies Selection, based on
the "Data on the Web Best Practices" published by the
World Wide Web Consortium (W3C) (Lóscio et al. 2017).

Ontologies Search
The search for ontologies uses the preferred reporting items
for systematic reviews and meta-analysis (PRISMA) ap-
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proach (Page et al. 2021) for identification, screening and
selection of papers. Due to the emerging nature of ontolo-
gies in building energy applications, only publications in
the last 5 years are deemed suitable for this study. The
academic literature is identified in the Scopus academic
database with the query string (ontology OR (metadata
AND schema) OR semantic web) AND (BAS OR smart
building OR BIM) AND (interoperability AND energy)) ap-
plied to the title, abstract and keywords. The white papers
are identified through expert search using the CORDIS
EU research platform for the H2020 programme and the
ongoing activities of the Cloud-BIM European Training
Network on semantic web technologies.
The screening stage analyses the title and abstract of the pa-
pers, excluding resources that: are not related to BIM and
BAS domains, are tools and frameworks rather than on-
tologies or do not possess public repositories (e.g., the Live
Web Ontology Language (OWL) documentation environ-
ment (LODE)). While performing the eligibility stage, ad-
ditional ontologies named by the papers were identified
and included in the study, following the snowball sam-
pling methodology (Goodman 1961).
Overall, 12 out of 54 papers are reviewed in-depth, and
eight of the analysed ontologies meet the eligibility cri-
teria and demonstrate greater sufficiency to the proposed
core concepts presented in the next section. Table 1 lists
basic information about these eight ontologies. The fol-
lowing additional ontologies are also relevant to the scope
of this paper, but they are not eligible or less suitable for the
predefined concepts: real estate core, google digital build-
ings, smart energy aware systems and building automation
and control systems.

Ontologies Assessment
For the ontologies assessment, the semantic descriptions
from the identified eligible and most representative BIM
and BAS ontologies are mapped against predefined core
concepts to support context-aware DSM services. These
core concepts have been synthesised based on previous
research conducted in this area (Luo et al. 2021, Pereira
et al. 2021, Li et al. 2020, Marinakis & Doukas 2018).
Similar to the concept classification approach proposed by
(Pritoni et al. 2021), this work proposes 6 categories:

• Spatial information: basis for spatial context aware-
ness, including physical characteristics (floor area,
geometry, orientation), envelope elements (types and
properties), occupancy profile (number of occu-
pants and schedule), and functional topology (storeys,
spaces and zones relationship within a building).

• Building energy systems: basis for BAS modelling
and specification, including HVAC equipment (e.g.,
chillers, boilers, cooling towers), lighting compo-
nents (light fixture, driver, switch), appliances (plug-
in office equipment and household equipment), re-
newable energy sources (solar thermal collector, so-
lar photovoltaic panel), and manufacturer information

(rated power, capacity and efficiency).

• Control and topology: basis for BAS sensing, actu-
ation and control, including points (physical - sensor
and actuator, virtual - setpoint of controllable vari-
ables), control strategies (schedule and conditional
statements), operational relationships (relationship
between building energy systems and building topolo-
gies), and control relationships (relationship between
control, sensor and actuators, building energy sys-
tems and building topologies).

• Measurement setup: basis for timeseries data anal-
ysis and metering functions, measurement systems
(physical quantities, units of measure and timestamp),
spatial resolution (building, spaces and zones), end-
use resolution (HVAC, lighting, appliances).

• Measurable properties: basis for energy and en-
vironmental analysis, including energy consump-
tion/demand (electricity and natural gas), onsite
power generation (solar photovoltaic), occupancy sta-
tus (occupied / unoccupied state), outdoor weather
conditions (temperature, humidity, solar radiation,
precipitation, CO2), indoor conditions (temperature,
humidity, air velocity, illuminance level, CO2).

• Grid-interactivity: basis for communication to util-
ity providers and DSM control modelling, includ-
ing utility rates (price signals), grid signals (request
events) and DSM model (load control, shedding com-
mand, demand setpoint).

Ontologies Comparison
Based on the metadata quality metrics introduced by
(Ochoa & Duval 2009), each ontology is compared by
the degree to which they present the core concepts needed
to have a semantic sufficiency to deliver context-aware
DSM functionality. This completeness ratio is computed
as the sum of the conceptual degree represented by each
ontology divided by the total number of concepts needed
within a category, as in the following equation (1).

com =
∑N

i=1 D(i)
N

(1)

where N is the number of concepts within a category and
D(i) is 1 if the i-th category defines (at some level) all
the aforementioned concepts, 0.5 if at least one concept is
defined, and 0 otherwise. These three discrete values are
assigned to each ontology to determine whether it offers
full support, partial support, or no support to that category.

Ontologies Selection
After comparing the eight identified ontologies, the most
suitable ones for context-aware DSM services are selected.
This selection follows the semantic web best practices 15
and 16 proposed by the W3C (Lóscio et al. 2017), which
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Table 1: List of the eight ontologies identified for representing BIM and BAS information

Name Maintainer Repository

Haystack Project Haystack Corporation project-haystack.org/

Brick Brick Community Group brickschema.org/ontology/

ifcOWL buildingSMART alliance standards.buildingsmart.org/IFC/DEV/IFC41/OWL/

BOT W3C Linked Building Data Community Group w3c-lbd-cg.github.io/bot/

SSN/SOSA Spatial Data on the Web Working Group w3c.github.io/sdw/ssn/

SAREF European Telecommunications Standards Institute saref.etsi.org/

RESPOND Respond Project Consortium respond-project.github.io/RESPOND-Ontology/respond/index-en

OpenADR Delta Project Consortium w3id.org/def/openadr#

recommend the choice of the appropriate level of formal-
isation for fitting data requirements, and the reuse of on-
tologies (preferably the standardised ones) for promoting
interoperability. Thus, those ontologies with higher com-
pleteness, reuse of concepts and semantic consistency, and
lower complexity, compatibility and ambiguity problems
are selected. In addition, those maintained by a competent
authority, such as a government agency, standards body,
or recognised dedicated consortium, are prioritised.

BIM and BAS-related Ontologies
Haystack and Brick are leading open-source initiatives
that aim to improve interoperability between smart build-
ing applications. Due to its simplistic approach to define
semantic building metadata by adding simple descriptive
tags, Haystack has been widely adopted by the industry
(Quinn & McArthur 2021). As Haystack 4, it has been
elevated to a formal ontology using RDF, RDFS, and OWL
statements (docHaystack Project Haystack 2021). Based
on OWL ontology, Brick v1.2 extends the Haystack tag-
oriented approach, providing a comprehensive and exten-
sible formalised vocabulary to represent physical, logical
and virtual assets and their associated semantic relation-
ships (Fierro et al. 2020). For representing BIM concepts,
the ifcOWL has been introduced offering formal explicit
semantics to the Industry Foundation Class (IFC) data
schema (Pauwels & Terkaj 2019). Also centred on building
concepts, the building topology ontology (BOT) acts as a
core ontology that represent basic topological concepts of
a building (Rasmussen et al. 2021). Dedicated to sensors
and actuators concepts, the Sensor, Observation, Sample,
and Actuator (SOSA) ontology, along with the Seman-
tic Sensor Network (SSN) ontology, model observations,
procedures, features of interest and samples using OWL
statements (Haller et al. 2021). Focused on smart appli-
ances, systems, meters and spaces, the smart applications
reference (SAREF)(Daniele et al. 2020) and its extensions
for building domain (SAREF4BLDG), energy domain
(SAREF4ENER) and system domain (SAREF4SYST), en-
able interoperability among internet of things (IoT) so-
lutions. Among the DSM-driven ontologies, there are
the integrated demand response solution towards energy
positive neighbourhoods (RESPOND) and the open au-
tomated demand response (OpenADR) ontologies. As

a modular OWL ontology, RESPOND primarily reuses
existing ontologies for representing building information,
device concepts and properties, offering an interopera-
ble and user-centred solution for demand response pro-
grammes (Esnaola-Gonzalez et al. 2018). Built upon
the OpenADR standard, the OpenADR OWL ontology
aligns with existing ontologies to define events, signals,
schedule, resource and asset, promoting the communica-
tion of demand response signals from utilities to customers
(Fernández-Izquierdo et al. 2020).

Results
Core Concepts Assessment
In this section, the scope of each ontology concerning the
core concepts from section 3 is explored in depth. While
each ontology has a specialty, all provide a certain level of
alignment for representing BIM and BAS-related concepts,
as demonstrated in Figure 1.

Spatial information

Haystack ontology models buildings, floors, rooms and
logical system-oriented zones and defines their relation-
ships using tags. Each zone can model occupancy using
setpoints for the schedule, and can display their floor area.
In Brick, a set of location classes representing buildings,
storeys, zones and spaces can model their properties such
as area and volume, as well as topological relationships.
Besides the classification of logical system-oriented zones
for heating, cooling, or lighting requirements, Brick can
also define zones based on occupancy category and den-
sity. As in Haystack, Brick does not model envelope core
concepts such as windows and walls. ifcOWL offers a
rich set of classes to define the physical characteristics and
envelope elements of a building, besides occupancy pro-
files per spatial zone. ifcOWL uses aggregation to deter-
mine spatial topology through relationships between sites,
buildings, storeys and spaces. BOT models site, building,
storeys, spaces and zones, and defines their relationship us-
ing containment, adjacency and interface attributes. Nei-
ther physical characteristics nor occupancy are defined in
BOT. SOSA/SSN ontologies rely upon external schemas
for spatial information. In SAREF, spatial information are
modelled using the SAREF4BLDG and SAREF4SYST ex-
tensions. They include building, space and zone concepts
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Figure 1: Conceptual overlap between the eight ontologies for modelling the DSM core concepts within the 6 proposed categories.

and model their relationship and adjacency using contain-
ment relations and system connections. As the main focus
of SAREF is on device, rather than space, the remaining
core spatial concepts are omitted. RESPOND ontology
reuses BOT concepts to represent functional topology in a
household and adds new concepts to determine their area
and volume. RESPOND defines the usage of a space us-
ing the occupancy class, but it does not include building
envelope information. OpenADR is limited to geospatial
and geometry concepts from GeoSPARQL.

Building energy systems

Haystack ontology defines physical assets for HVAC (e.g.,
air handling unit, boiler) and lighting systems, as well as
logical grouping of assets such as chiller water plant. In ad-
dition, using tags Haystack models manufacturer informa-
tion (cooling capacity rate). In Brick, the equipment and
system classes model energy systems similar to Haystack,
but include additional concepts for lighting (e.g., dimmer
and driver), renewable energy sources and other appli-
ances. Adopted from Haystack, Brick also defines the
nominal cooling capacity. ifcOWL includes a compre-
hensive list of classes to model HVAC and lighting com-
ponents including fan, pumps, lamps and switch devices,
in addition to office and household appliances, and renew-
able energy sources (solar panels). As for manufacturer
parameters, ifcOWL properties express cooling and fan
capacities. Building energy systems are not evidently rep-
resented in BOT, but its element and sub-element classes
can partially represent physical parts of equipment, such as
heaters and lights. The system, subsystems and property
classes of the SOSA/SSN ontologies can model building
energy systems and represent their intrinsic aspects. In
SAREF, building energy systems, such as HVAC, lighting
and renewable solutions can be modelled combining the
classes available from the core and its extension ontolo-
gies. In addition, SAREF also allow each device to cap-

ture intrinsic properties, namely model and manufacturer
information (e.g., nominal efficiency, capacity and power
rate). The RESPOND ontology reuses the device and ap-
pliance classes from SAREF to define a comprehensive set
of household equipment and appliances. RESPOND also
adds new concepts for renewable energy sources such as
thermal solar and photovoltaic systems, but it does not in-
clude manufacturer information. The OpenADR ontology
does not model building energy systems.

Control and topology

The entity points in Haystack represent the so-called hard
points which refer to sensors (inputs) and actuators (out-
puts and commands), and soft points which refer to set-
points. Although Haystack offers to model schedules as
a normal target point within the setpoint tag, it does not
appear to align the schedule with control logic. Haystack
also defines how points, equipment and spaces are related
to one another using physical and logical containment re-
lationships, as well as flow relationships. Brick includes a
class for points which represents a variety of data sources
such as sensors, commands, alarms, setpoints and parame-
ters. This point class can also represent control strategies,
such as schedule temperature setpoint. Brick establishes
a topological relationship between controllers, equipment
and devices, representing the flow of a given substance
within a system. In addition, Brick can capture the re-
lationship between equipment and spatial elements of a
building (e.g., zones fed by a given HVAC system). Al-
though ifcOWL is quite complete with respect to equip-
ment definitions, points, and spatial and distributed rela-
tionships using containment attributes, it lacks the capa-
bility of modelling control strategies. Using the element
class, BOT can model a sensor, but the definition of points
such as setpoints, commands or alarms are not within its
scope. Even so, the containment and adjacency attributes
in BOT can represent the relationship between defined
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elements and zones. SOSA/SSN ontologies define sen-
sors and actuators as their core concepts, defined as sub-
classes of a system. SOSA/SSN does not directly model
setpoint and alarms, but these concepts may be defined
using the property class. SOSA/SSN models procedures
to define observation, sampling and actuation workflows
within a system based on features of interest. SOSA/SSN
classes and properties can exhibit relationships between
sensors, actuators and their related systems and hosting
platforms (e.g., location). The core ontology of SAREF
defines sensors, actuators and their functions (commands)
and states (e.g. on-off state, multi-level state). Using
the set level command, SAREF also allows level (point)
adjustments. SAREF4BLDG defines control strategies
and controller concepts, but it lacks the concept of sched-
ule. SAREF4BLDG uses the containment class to model
the relation between a physical space and the objects en-
capsulated in that space, while SAREF4SYST models the
connections of control devices using the connection point
class. The alignment with SAREF and the addition of new
concepts allows RESPOND to define sensor and actuator
classes, temperature setpoint, as well as commands such
as event function, state condition and level control. Using
the relation subclass of and other properties, RESPOND
can define operational and control relationships. In Ope-
nADR, the concept of points is used to model load control
setpoints and other demand response related setpoints, but
no sensor or actuator devices are included. In terms of
control strategies, OpenADR provides instructions (sig-
nals) for load controllers to operate at given levels, and
schedule functions for the operation of defined targets (en-
tities). OpenADR also defines a set of relations between
targets, assets and resources, which may be used for par-
tially modelling operational and control relationships.

Measurement setup

Haystack models units of measure, real-time values and
historical records of timestamp/value pairs. Haystack also
defines meters, submeters and their relationships, includ-
ing equipment, point loads, space and end-use references.
Brick includes timeseries storage properties and a measur-
able class which represents quantity as an observable prop-
erty and substance. To represent specific instance units,
Brick is aligned by default with the Quantities, Units, Di-
mensions, and Types (QUDT) ontology. Brick uses the
regulates relationship to determine the metric of usage
by equipment domain. ifcOWL models timeseries data
types, including physical quantity and units of measure,
but it does not seem to include metering resolution with
respect to space or end-use. Metering concepts can be rep-
resented in BOT using the interface property which defines
the relationship between elements and zones. BOT does
not represent measurement concepts, requiring another on-
tology for the purpose. SOSA/SSN includes classes to
represent timeseries data in the form of observations, ac-
tuations and samplings from devices. For defining units of
measurement, SOSA/SSN should be aligned with another

ontology. SOSA/SSN ontologies do not cover metering
concepts for both spatial and end-use resolutions. SAREF
models measurement concepts to describe a physical quan-
tity including the value, timestamp properties and unit of
measure. SAREF also includes a metering function used
to measure a given property, which may be related to an
end-use and a space. RESPOND also reuses the SAREF
and QUDT ontologies to define property quantities, units
of measurement and timestamps. Based on the relation
subclass of and given properties relationships, RESPOND
seems to be able to relate metering functions with partic-
ular spaces. In addition, the RESPOND ontology has a
function related class which allows group measurements
by end-use systems. OpenADR includes temporal entities
and reuses the unit of measure classes from the Ontology
of units of Measure (OM) to model data measurement, but
it does not offer spatial and end-use resolution from the
building perspective.

Measurable properties

Haystack offers a vast array of measured quantities, from
electrical and thermal flows, occupation state, weather sta-
tion observation points, and indoor temperature and illu-
minance levels. Brick can represent measured energy con-
sumption and generation and electrical power. Brick also
includes a class dedicated to a weather measurement sta-
tion, and has a variety of sensors to detect temperature, hu-
midity, airflow, illuminance and CO2 measures. ifcOWL
classes define energy and gas consumption, power gen-
eration, occupancy status, outdoor and indoor conditions.
BOT does not model measurable concepts, and needs to
be used in conjunction with another ontology. The re-
sult class of SOSA/SSN stores an observation, sampling
and actuation value associated with an observed property,
such as energy, temperature and humidity. In the core
ontology of SAREF, the property class can characterise
measurement values and sensed data for energy, power,
occupancy, temperature, humidity and light. RESPOND
ontology is used together with SAREF and Smart Energy
Aware Systems (SEAS) to represent properties such as
energy consumption and production, power, occupancy
and temperature. OpenADR does not model energy and
environmental-related measurable qualities.

Grid-interactivity

The Haystack, ifcOWL, BOT and SOSA/SSN ontolo-
gies do not include concepts to support grid interactivity
commands and services. Brick defines classes that can
be leveraged for DSM control modelling and customer
preferences, including demand, deadband and load shed
setpoint, as well as load shedding commands. SAREF ex-
tension for energy (SAREF4ENER) can model smart en-
ergy management to schedule appliances in certain modes,
preferred periods and associated prices, using power pro-
files that can optimise energy use and cost and accommo-
date customer preferences. SAREF4ENER also includes
load control and event classes that can model actions to
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be performed under grid requests based on incentives,
prices or emergency scenarios. The RESPOND ontol-
ogy is aligned with some of the SAREF4ENER entities
for modelling demand response scenario. Nevertheless, at
the time of writing this paper, RESPOND does not include
classes to model the interaction between the utility grid
(or aggregators) and the end-user. Finally, the OpenADR
ontology defines concepts to support energy curtailment
request events, utility price signals, load control signals
(e.g., controller setpoints, levels and capacity), state of
resources reports, registration of parties involved in the
interaction, and availability schedule.

Completeness Comparison
From the in-depth analysis of the scope of each ontology,
its degree of support for the core concepts proposed is
evaluated using the metric of the completeness ratio. The
maximum value of this metric is 1, in the case of full
support where all the concepts are defined by the ontology,
the minimum value is 0, in the case of no support from
the ontology to define needed concepts, and a value of
0.5 is applied in the case of partial support where at least
one concept is defined by the ontology (Figure 2). It is
important to note that the level of completeness does not
represent the level of granularity but rather the ability of
the ontology to broadly represent a given concept.
According to the levels of support established for the re-
quired concepts, Figure 3 displays the resulting weighted-
completeness ratio for each ontology in relation to the 6
categories. The greater the completeness ratio, the larger
the number of semantic concepts being represented by
the ontology and the lower the need for custom semantics
definitions to accurately model a DSM mechanism. The
results indicate the most comprehensive ontologies as be-
ing SAREF, ifcOWL, Brick and RESPOND, respectively.
The ifcOWL ontology is the most complete for represent-
ing spatial information and measurable properties, sharing
this result with Brick for the latter category. SAREF of-
fered greater semantics for building energy systems and
metering setup. The Brick and SAREF ontologies had the
best results for control and topology. Finally, openADR is
the best suited for grid-interactivity representation.

Discussion
Overall, this review shows that each ontology has differ-
ent levels of completeness depending on its main purpose
and that all ontologies share overlapping concepts having a
certain degree of built-in interoperability. This study also
reveals that there is no one ontology that can model all con-
cepts required by context-aware DSM services. Therefore,
and because a modular ontology approach is advised, it
may be necessary to integrate suitable existing ontologies.
However, since maintenance and updating vary by ontol-
ogy in terms of rate and procedures, as noted by (Pritoni
et al. 2021), it can be challenging to sustain a model that
combines multiple ontologies. Taking into account that
DSM is applied to meet critical grid needs (Potter et al.

2018), integrating cross-domain stakeholders and affecting
power and thermal grid reliability and stability, a trade-
off is desired to define the most appropriate ontologies.
One should select a minimum number of ontologies while
increasing their combined level of completeness. Other
aspects must also be considered in this selection, such as
the reuse of concepts, semantic coherence, compatibility,
complexity and ambiguity issues, and the support of the
competent authority against initiatives of fixed duration.
Dedicated to DSM concepts, the RESPOND and Ope-
nADR ontologies can be seen best suited to represent
DSM building energy dispatch and enable automated de-
mand response events, respectively. However, although
the European Commission finances both the RESPOND
and OpenADR projects, the consortia that maintain them
have a contractual project life cycle whose continuity is
uncertain. This fact differs from other ontologies with a
dedicated consortium community to support them, which
are prioritized in this study.
While Haystack is capable of modelling most of the con-
cepts required in this study, its ontological descriptive as-
pects are still in the early stages, limiting its inferential
potential and interoperability. In addition, its excessive
level of flexibility and non-standardised use of semantic
concepts by instantiated schemas leads to compatibility is-
sues even between different Haystack models (Luo et al.
2021, Quinn & McArthur 2021). ifcOWL, on the other
hand, although a standard-based one, brings other issues
into place. Due to its large set of incomplete and am-
biguous concepts and adopted top-down approach, which
covers the entire structure of a building, ifcOWL is consid-
erably complex to handle (Bonduel et al. 2018). To address
this, while leveraging the information offered by IFC, the
ifcOWL schema can be converted into modular ontolo-
gies such as BOT. BOT provides a rich functional building
topology but neglects critical BAS-related concepts lack-
ing completeness. Although the industry extensively uses
SSN/SOSA to represent observation, sampling, and ac-
tuation concepts, other ontologies, as Brick and SAREF,
support these concepts. Thus, the use of SSN/SOSA may
not be necessary.
Compared to the other ontologies, Brick offers a more
comprehensive formal structure, providing more consis-
tent semantics needed to capture operational aspects, es-
pecially for HVAC applications (a critical asset for DSM
from the building viewpoint). In addition, Brick can com-
prehensively model crucial spatial awareness concepts for
DSM. These modelling capabilities from Brick, combined
with those from the SAREF ontology, can significantly
contribute to achieving semantic interoperability for DSM
services. SAREF has proven a reference ontology to pro-
mote interoperability between several standards within the
DSM domain (Strabbing et al. 2019) and has shown in
this study the highest degree of support between the eight
analysed ontologies. Nevertheless, SAREF only captures
high-level aspects of building energy systems and BAS
controls; as such, Brick would strengthen the ability of
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Figure 2: Comparative analysis on the completeness of the scope for each ontology disregarding their level of granularity.

Figure 3: Completeness results of each ontology against the core concepts categories disregarding their level of granularity.

SAREF to optimise and manage HVAC related assets for
DSM. Therefore, based on the strengths and limitations of
each ontology, their combined level of completeness and
the proposed ontology selection criteria, out of the eight
ontologies: Brick and SAREF ontologies have aspects that
are most suitable for context-aware DSM services.
A limitation in this proposed set of ontologies is that the
completeness ratio used as one of the selection criteria de-
pends on the predefined core concepts. While the results
of this study provide a comprehensive view of DSM con-
cepts, specific applications may require particular seman-
tic and conceptual requirements, affecting the suggested
selection. Consequently, there may be exceptions to the
proposed ontologies, and their suitability must be validated
by implementing them for different use cases.

Conclusions
Context-aware approaches can drive the adoption and per-
formance of DSM services on the client-side, improving
energy flexibility, efficiency, operating costs, and environ-
mental comfort with intelligent, adaptive, and responsive
control strategies. The integration of BIM and BAS has
the potential to enable these strategies, providing relevant
information about building assets and allowing buildings
to operate in response to contextual conditions. Achiev-

ing seamless interoperability among these domains can
be significantly supported by using ontology-driven ar-
chitectures. This study reviews in-depth eight ontologies
demonstrating that a modular ontology approach based on
the Brick and SAREF ontologies would be the most suit-
able solution to deliver context-aware DSM. This outcome
provides a practical direction for future research, including
the specification of well-defined conceptual requirements
to capture given use cases, harmonisation of the selected
set of ontologies to support such requirements, and ex-
ploration of standards-centric approaches that can ensure
scalability of context-aware DSM applications.
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Abstract 

With ongoing development of construction digital twins, 

several works presented in the last couple of years are 

taking the same approach, solutions, steps, and findings 

of Building Information Modelling (BIM). This piece of 

work is questioning if that is enough or we could be 

misinformed by the BIM’s survivorship bias of what 

information should be collected, integrated, and 

visualized in construction sites. This research is a part of 

ongoing research project exploring the application of 

construction digital twins through production control 

rooms. In this research, an ontology related to 

construction programme and production control (CPPC) 

is proposed. The proposed ontology is shared 

representation that specify the terms and relations of 

production control in construction. The development is 

based on a real case study in the U.K and it is mapped to 

existing ontologies such as BOT, DiCon and Prov. The 

developed ontology was evaluated by automatic 

consistency checking, evaluating the SPARQL queries 

against the competency questions and representing the 

outputs to stakeholders of the selected construction 

project. The results show that the ontology represents the 

domain knowledge and demonstrates its’ efficiency to 

enhance the production control of construction sites.    

Introduction 

The construction sector is known for the fragmentation of 

specializations, which has resulted in inefficiencies, 

uncertainties, and wasteful resources (Murtagh et al., 

2020). The main reason behind that is the project 

stakeholders are focusing only on their individual tasks 

and data and neglecting the interdependencies of the tasks 

and data of the entire project (Hwang et al., 2020). Also 

sometimes the root causes of the waste generated and/or 

the delay of projects are related to relatively minor factors 

which could easily have been overcome if the managers 

are aware of (Povetkin and Isaac, 2020). Therefore, 

several project delivery approaches have been formed 

with the aim of improving the performance and reducing 

the waste in construction project. These approaches, 

includes Integrated Project Delivery (IPD) and Virtual 

Design and Construction (VDC), Digital Twins (DT) 
were armed with several technologies such as such as 

Building Information Modelling (BIM), Geographic 

Information System (GIS), 4D, and real-time data sources 

such as cameras, mobile and sensors (Hwang et al., 2020). 

These techniques and technologies have been adapted in 

several construction management systems and 

environments to better control, visualize, and interact with 

construction data. However, integrating and visualizing 

all the information from the different technologies and 

systems has become a new challenge to overcome to 

effectively develop construction digital twins (Isaac and 

Navon, 2014; Sacks et al., 2020). 

In Knowledge Engineering, researchers see ontology as a 

computational model that enables automated reasoning 

and it is formal and sharable (Borst, 1999). With the aim 

of managing and integrating the retrieved information 

from the different tools and systems adopted in the 

construction industry, many efforts and work have been 

taking place to bring the ontology concept to the 

construction sector (Pauwels et al., 2017). The reason 

behind that is these success stories of ontologies and 

linked data implementation in domains such as biology, 

medical records, cultural heritage, accounting, and social 

media (Schmachtenberg et al., 2014). Several recent work 

in the construction sector proposed ontological solutions 

to overcome some challenges such as jobsite sensing and 

monitoring (Ren and Zhang, 2021), advanced work 

packaging (Farghaly and Soman, 2021), interdependent 

infrastructure decision support (Dao et al., 2021), health 

and safety in construction sites (Farghaly et al., 2022), 

drill-and-blast tunnelling projects (Sharafat et al., 2021). 

Armed with existing ontological solutions in the AEC 

sector, this work proposes an ontological solution for 

better integration and collaboration between the 

interdependent construction control systems. The 

proposed ontology concentrates on controlling production 

of all the deliverables/submittals during construction such 

as preconstruction submittals, quality documentations and 

attempts to proceed for handover stage. The proposed 

solution aims to address four critical challenges in 

production control of these production control 

deliverables: 1) collecting and integrating data from 

different systems, 2) improving the semantic 

interoperability of multiple-source data, 3) obtaining 

knowledge from the integration of the data, and 4) 

providing an environment supporting resilient decision 

making in construction sites.  

The remainder of this paper is as follows: Firstly, it 

explores construction digital twins based on existing 

literature and questions if BIM’s survivorship bias has 

affected our definitions to construction digital twins 

Secondly, it discusses the objectives of the research and 
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the main project which this work is a part of it. 

Consequently, three sections illustrate the development, 

the domain-specific concepts and the implementation of 

the proposed construction programme and production 

control (CPPC) ontology. Finally, a section provides the 

conclusions and future directions respectively. 

Point of Departure 

The NASA mission operations control room is a well-

known example of a large-scale collaborative data 

display, with multiple streams of real-time data available 

to engineers. Inspired by this example, a team of industry 

partners and universities in the UK are developing and 

piloting a production control room on the construction 

site. The overall project proposes to build a scalable and 

repeatable 'plug-and-play' construction management and 

reporting platform that will be tested on three significant 

projects in the UK. To unfold the research, aim and 

objectives, we have identified four main themes to 

achieve an effective repeatable production control room, 

namely end-user requirements, visualization, integration, 

and insights (Farghaly et al., 2021). We then used these 

themes to identify the best research approaches and 

methods should be implemented to achieve the research 

aim. The work presented in this paper is related to the data 

integration part of the data integration part and 

concentrates only on the ontology for production and 

programme control (PPC) deliverables.  

Construction Digital Twins 

One of the early papers related to construction digital 

twins has been built on integration of the applications of 

BIM in construction stage and the abilities of Digital 

Twins (Boje et al., 2020). They proposed 3-tier generation 

evolution of the construction digital twin: monitoring 

platforms, intelligent semantic platforms and agent driven 

soci-technical platforms. Despite the merit of the paper, it 

is based on that BIM is a digital twin sub-component. This 

assumption is not wrong; however, it is not completely 

true. Most of the work presented in the last couple of years 

related to digital twin in built environment, and especially 

digital twin in construction stage, is taking the same 

approach, solutions, steps, and findings BIM. This made 

the author question if that is the right approach or could 

be misinformed by the BIM’s survivorship bias. Digital 

Twin is based on developing a digital replica of a real-

world asset in the built environment context. While this 

looks close to simulation attained by BIM, Digital Twin 

provides much more than BIM. The main difference 

between BIM and Digital Twin is that Digital Twin 

requires a high-fidelity representation of its physical 

asset's operational dynamics, which most of the building 

information models lack. This formulated several 

questions such as why we are utilizing BIM for CDT? Is 

CDT applied in the same applications of BIM? Are the 

challenges the same in BIM and CDT? Should we have a 

3D model to say it is CDT? These questions were 

discussed with the end-users (construction project 

managers, planners, project directors) during the initial 

stage of the research project. Table 1 summarizes the 

output of the discussions and the author mapped it to 

existing literature related to DT and its layers and maturity 

(Jiang et al., 2022; Kritzinger et al., 2018) . This part work 

was done to understand what the application of the 

production control room is and how it is linked to the 

Table 1: The maturity stages and levels of CDT 

Stages Digital Model Integration between DM and PM  Levels Physical Model Name 

Stage 0 As designed Model N. A Level 0 Not existed yet Digital Model 

Stage 1 As designed Model DM feeds in the construction of 

the PM. 

Level 0 Under construction Digital Model 

Stage 1 As built model PM feeds (manually input) in the 

development of As-built DM. 

Level 1 Under construction 

or existing. 

Digital Model 

Stage 1 As built model PM and DM are compared using 

semi-automatic approaches. 

Level 2 Under construction 

or existing. 

Digital Model 

Stage 2 DM represents the 

progress in 

construction sites 

DM represents the planned 

schedule and high-level of the 

actual schedule (manually input).  

Level 1 Under construction 

or existing. 

Digital Shadow 

Stage 2 DM represents the 

progress in 

construction sites 

DM represents the planned and 

actual based on the week look 

ahead not only the baseline. The 

integration is partially automatic. 

Level 2 Under construction 

or existing. 

Digital Mirror 

Stage 3 DM controls and 

predicts the progress 

in construction sites 

DM is fully integrated with other 

datasets such as resources, 

submittals, and external 

constraints. That where 

collaborative digital twins are 

integrated and aligned.  

Level 3 Under construction 

or existing 

Digital Twin 
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initiative of construction digital twins. Unlike previous 

studies in this area, which propose migration to an all-in-

one solution, this research proposes integrating existing 

tools and workflows to provide data-driven production 

control. The paper demonstrated how data from multiple 

sources should be integrated to create a construction 

digital mirror and how this information should be 

accessed through a control room for data-driven 

production control. 

Literature review 

Monitoring is field in the AEC domain where semantic 

web technologies have a significant impact. Linking 

datasets across multiple domains such as sensors, building 

information and project management and making logical 

inferences is critical for monitoring. For example, 

Pradhan et al. (2011) presented a data fusion ontology to 

support tasks such as i) data source identification, 2) data 

fusion plan generation and 3) synchronisation of spatial 

and temporal data sources. For a data source, this ontology 

can describe the level of detail and reference systems for 

the data items. Similarly, Marroquin et al. (2018) 

developed an ontology to fuse building’s contextual 

information with data extracted from a smart camera 

network. Another potential use of ontology for monitoring 

is to integrate dynamic data with static building data. For 

example, Arslan et al. (2019) developed a framework to 

link the Driver, Needs, Action, and Systems (DNAS) 

ontology to integrate the dynamic data with a building 

model to understand occupant behaviour. DNAS ontology 

was linked to STriDE model which keeps track of 

building entities and different relations among them. 

Another application of ontologies for monitoring is to 

create a formal representation expert’s casual judgment of 

construction project changes. Shahinmoghaddam et al. 

(2018) used three ontologies: (i) Project Profile Ontology 

(PPO), (ii) Context Sensing Ontology (CSO), and (iii) 

Change Causality Ontology (CCO) to describe this. PPO 

describes the context-invariant characteristics and general 

features associated to a typical construction project 

whereas CSO layer represents the “contextual-sensitivity” 

for the causality behind project change events. The CCO 

is used to describe a contextualised explanation of a fuzzy 

cognitive mapping used to imitate the intuitive casual 

judgement of an expert responding to a contextual setting. 

Although there are specific ontologies for different 

purposes related to monitoring, most of these ontologies 

are not linked to other ontologies limiting its capabilities 

for inferencing. Ren and Zhang (2021) developed a new 

construction procedural and data collection (CPDC) 

ontology. The ontology links between planned and 

executed procedures that are collected from the 

construction documents and the sensing tools used in the 

construction jobsites respectively.  

CPPC Development  

For developing a domain or upper ontology, it is essential 

to follow a set of defined and ordered steps. After the 

analysis of various methods, techniques and processes for 

ontology development such as  Uschold and Gruninger 

(1996) approach,  METHONTOLOGY (Fernández-

López et al., 1997), SKEM (Noy and McGuinness, 2001), 

and NeOn (Suárez-Figueroa et al., 2012). The Uschold 

and Gruninger (1996) approach has been adapted in this 

research as a guidance for the process of the ontological 

solution development. The approach consists of five main 

steps: identification of the purpose and scope, building the 

ontology, integrating with existing ontologies, evaluating 

the ontology, and finally documenting the ontology for 

further use. The first step concentrates on the purpose and 

scope of the ontology. As this step plays a significant role 

in the ontology development and its quality. As such, 

answering competency questions of the overall 

requirements of the research is critical aspect. The 

questions and their associated – presented in Table 2 - 

answers driven the ontology scope and purpose.  

 
Table 2: CPPC Ontology competency questions. 

Question 

1. What is the progress of each subcontractor for 

each deliverable?  

2. Where is each subcontractor working on a 

specific date?  

3. How many of the planned dates of activities have 

changed and the reason behind each change? 
 

The preliminary development of the ontology based on 

the answered question in step one included step 2 and step 

3. This started with identifying the available existing 

ontologies related which can be extended, mapped, or 

reused. The author in this research has utilized existing 

published ontologies as much as possible rather than 

developing new classes such as BOT (Rasmussen et al., 

2019) and DiCON (Zheng et al., 2021). The development 

ontology consists of a glossary of essential terms based on 

the collected requirements from the end-users. Once the 

classes were identified, three main kinds of properties 

were utilized in the ontology development: object 

properties, data properties and annotation properties. Step 

4 includes the evaluation of the developed ontology. This 

step consists of several aspects such as verification, 

validation, and implementation. The last step is the 

documentation, and it is under-progress. 

CPPC Domain-Specific Concepts 

The CPPC model consisted of a main class named 

“information content entity” and divided based on the 

classification proposed in dice ontology. For production 

control, there are two main information content entity to 

take into consideration: the week plan and the production 

submittal. In this research, we have concentrated on the 

production submittal. It is divided into three subclasses: 

preconstruction submittal, construction submittal, 

postconstruction submittal. The preconstruction hosts 

submittals related to drawings, technical submittals, 

schedules, and models, while construction hosts the 
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submittals related to quality signoffs, quality hold-points 

and quality benchmark schedules. Finally, the post-

construction submittal hosts the submittals related to 

handover stage such as: installation sign-off, 

commissioning completed and handover documentations. 

Several data properties and object properties were added 

to the information content entity class.  The data 

properties are mainly related to the date of submission, 

while the object properties are identifying and clustering 

the submittals such as discipline, workflow utilized for the 

approval of the submittal, format, and submittal type. 

 
Figure 1: CPPC Ontology classes and relationships. 

CPPC Implementation 

Once classes and relationships were developed classes 

were mapped to existing ontologies for integration, 

instances were added from a pilot study, For the instances 

added, several sources already implemented in the 

selected case study such as: 3D Models (Autodesk Revit), 

4D Models (Synchro), Schedule baseline (Microsoft 

Project), 3 week look-ahead (Excel), labors and deliveries 

(datascope), health and safety (yellow jacket) and 

documents (Aconex for preconstruction documents and 

BIM360 field for construction documents). For this 

research, the PPC datasets and its associated datasets were 

only the added ones to the CPPC ontology. Therefore, the 
instances included only the datasets from Aconex 

(Preconstruction submittals), BIM 360 filed (Quality 

construction submittals), Facility Grid (Handover 

submittals) and finally BIM 360 Glue (3D models). Both 

reasoners “Pallet” and “Hermit” were utilized to test the 

consistency and coherence. The results have shown no 

errors and for further verification, DL queries were 

created and executed after the reasoner classifications. An 

example of the DL queries and its corresponding result is 

shown Figure 2. The query executes to find all the quality 

submittals for a specific subcontractor which should have 

been submitted in specific week and they are not 

submitted yet.  

 
Figure 2: Example of DL queries for verification of CPPC 

ontology. 

Consequently, several SPARQL queries were developed 

and executed for the ontology evaluation respectively. 

The SPARQL queries were designed to answer the three 

competency questions mentioned earlier. Figure 3 

illustrates an overall abstract of the developed ontology, 

while Figure 4 illustrated the dashboard presented to the 

end-users based on the integration occurred using the 

proposed ontology. The dashboard provided several 

capabilities to the end-users for monitoring and 

controlling their construction sites. It includes the ability 

to answer the competency questions where all submittals 

related to a specific location for a specific date can be 

filtered to avoid any activity location conflict, Also, the 

progress of each subcontractor for a specific interval of 

time can be easily identified across all the deliverables 

rather than one aspect only. Finally, the dashboard can 

represent the number of versions of planned and actual of 

submittals and the reasons behind the variation for lesson 

learnt and overcome that challenge in the next submittals.   
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Conclusions 

Driven by the advancement in the industry 4.0 

technologies and techniques, the built environment sector 

is shifting rapidly towards a smart building ecosystem not 

only during operation but also during construction. 

Nowadays, it is common that the owners of buildings 

require the existing of construction digital twins. As 

construction digital twins are deliverables, several 

competency questions need to answer which is “what are 

the requirements needed, and outputs and outcomes 

expected from CDT as a deliverable?”. It could be there 

is no need for 3D models to answer that question, 

however, during this research it has shown that an 

integration between data resources is always required.      

Research has shown that the design and management of 

datasets integration for an effective construction 

production control are complex and the main reason 

behind that is the different breakdown structure of the 

datasets and the presence of data in silos. To support the 

development of construction digital twins, this research 

concentrates on overcoming the challenge of datasets 

integration for an effective production control. Within the 

scope of this study, we focused on the development of an 

 

 ontology – called CPPC – that covers the main aspects 

and domains for construction production control of 

submittals and deliverables. 
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Abstract
Autonomous Robotic Systems (ARSs) in the construc-
tion industry usually have to perform preliminary map-
ping of construction environments before deployment. For
large and complex sites, this can be unpractical and time-
consuming, making the avoidance of preliminary mapping
a motivation for this study. With Building Information
Modeling (BIM), a lot of information is already available
about sites. This study proposes a method to make that
information available to ARSs to streamline autonomous
tasks and remove the need for mapping. This is achieved
by automatically generating semantic and color-coded ob-
stacle maps from IFC files. The results are obstacle maps
that can be used for autonomous navigation that remove
the need for preliminary mapping.

Introduction
The Industry Foundation Classes (IFC) schema is a
platform-neutral Building Information Modeling (BIM)
format developed to facilitate interoperability. As such,
an IFC file can be parsed to provide rich semantic in-
formation with relative ease compared to other propri-
etary BIM formats (e.g., RVT, NWD, DWG). Autonomous
Robotic Systems (ARSs) in the Architecture, Engineering,
and Construction (AEC) industry often rely on sensors
to do a preliminary mapping of their environment. This
is not very efficient for large and complex construction
sites. The rich semantic information present in IFC files
can be leveraged to remove the need for such mapping,
or to complement it with additional semantic informa-
tion. IFC files usually contain everything from spatial
elements to geometry. This makes them a good candidate
for extracting semantic information for autonomous appli-
cations. Of course, IFC files do not contain all required
information for navigation (such as machines and tem-
porary structures). LiDARS and other sensors, typically
used by ARSs during navigation, can be used to update
the map accordingly as new obstacles are detected. IFC
files are structured in a hierarchical manner and entities
that have corresponding attributes can be identified based
on different tags or labels, nested within each other. This
structure makes them relatively easy to understand at a
high level and parse. Figure 1 shows in a tree structure
an extract of the IFC file for a simple house model. The
portion of the file shown corresponds to spaces present in
the first storey of the building. IFC files generally contain
an item with the IFCPROJECT tag that is decomposed into
IFCBUILDINGSTOREY items, each representing a story
of the building. Each IFCBUILDINGSTOREY is decom-
posed into IFCSPACE items that account for the spaces

within a storey. The IFCSPACES have attributes that can
relate to elements that are inside the space or bounding
the space. The general trend in existing literature dealing

Figure 1: Extract showing the structure of an IFC file for a
simple house model

with BIM-based construction automation is that the infor-
mation extracted from the BIM is application-specific and
proprietary. The focus of this study is to make the extracted
information as versatile and universal as possible. Multi-
ple robust path-planning algorithms already exist (e.g., A*
(Hart et al. 1968), Dijkstra (Dijkstra 1959) and D* (Stentz
1994)) and are available on robotics software like Gazebo
(Gazebo Simulator Accessed: 12/06/2021), ROS (Robot
Operating System Accessed: 12/06/2021) and MATLAB
Robotics Toolkit (MATLAB Robotics Toolbox Accessed:
12/06/2021) or game engine platforms like Unity3D (Unity
Accessed: 12/06/2021). The aim is to create an interface
between BIM and those path-planning software. IFC files
contain valuable semantic information about the whole
building model. This can be useful with applications that
make use of the relevant as-planned details of a model.
For example, applications such as progress monitoring can
rely on this data to generate progress reports. As such, it is
useful to store the data present in IFC files in a structured
way so that it can be easily accessed and understood by
an ARS. Considering applications that occur before the
construction phase is over (i.e., the navigation areas are in-
complete), it is also important to update navigation maps
considering the schedule of construction tasks.
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Previous work
This section details the previous work done on the topic of
information extraction for robot navigation. It is not about
navigation itself but rather about the information needed
for autonomous navigation. The IFC parsing section looks
at work done about extracting information from IFC files.
The obstacle map generation section looks at how infor-
mation from IFC or other BIM formats has been used to
generate useful navigation maps.

IFC Parsing
Currently, the parsing of IFC files is done either
by the use of existing libraries (Krijnen Accessed:
12/06/2021)(Gerold Accessed: 12/06/2021) or custom
parsers (Wang & Tang 2021)(Dimyadi et al. 2008)(Kim
et al. 2013) that leverage the ordered structure of IFC files.
The general method is the use of tokenizers that depend
on the delimiters present in IFC files to break down the
multiple attributes. A powerful open-source library, If-
cOpenShell (Krijnen Accessed: 12/06/2021), is often used
for IFC parsing purposes. Examples of previous works re-
lated to IFC parsing are summarized below.
Wang et al. (Wang & Tang 2021) proposed a method
for parsing IFC files and storing the obtained data in
a MySQL database for persistence. They leveraged the
object-oriented design pattern of IFC to analyze the files
using Java. They developed their own module to parse the
IFC files that included a tokenizer and a syntactic parser.
The end-product is a robust relational database storing in-
formation from the IFC. While this could be useful for
many applications, some more processing might be re-
quired for use in an ARS. For example, it is worthwhile
to standardize the geometry information as an ARS would
not be able to easily understand the many different geomet-
ric representations present in IFC. Parsing and storing the
whole IFC file may also not be the best option for use in
ARS navigation. With more data present in the database,
the processing time to obtain the required information will
increase. If real-time applications are considered, this may
not be optimal as computing power is limited. The fact
that they develop their own module for parsing is also a
bit limiting as well, given that powerful libraries like If-
cOpenShell exist.
Kim et al. (Kim et al. 2013) extract semantic information
from IFC files in order to generate construction sched-
ules. They achieved that by extracting element geometry
and placement. The model was split into work zones,
and the work zone in which an element is situated was
used to determine the scheduling of the related construc-
tion tasks. Rich semantic information was extracted from
each element in this study; however, manual input was still
required. For example, the position and size of the work
spaces were defined by the user. The model could be au-
tomatically divided into spaces that would make sense for
an ARS (e.g., in a way that depends on bounding elements
and obstacles.)
In a study detailing how IFC data can be used in a fire

simulation system, Dimyadi et al. (Dimyadi et al. 2008)
proposed a method of parsing IFC files to obtain rele-
vant information. The approach, however, focused only on
the interpretation of space geometry, connections between
spaces and basic material properties of elements such as
walls and doors. While an interface between IFC and a
fire simulation system was successfully created, the lim-
ited information might only be suitable for those kinds of
systems, and not for navigation systems that require more
detailed semantic information.
Overall, it can be said that previous work related to parsing
and storing IFC data is not optimized for ARS navigation.
For such an application, the information must be filtered
and processed to be relevant for navigation and also allow
better real-time performance.

Obstacle Map Generation

BIM-based obstacle map generation is not a new topic.
Previous studies have investigated this idea in multiple
forms, albeit with some limitations. Despite most of the
research being focused on the generation of navigation
models (Liu et al. 2021), very few approaches deal with
ARS specific navigation or have into account that the in-
formation can flow both ways (from the IFC model to the
ARS and viceversa). For example, Song et al. (Song et al.
2020) included a section for BIM-based map construction
in their paper about autonomous surveillance UAVs. Their
method involves the generation of a point cloud from the
BIM model. This works fine for basic obstacle avoidance,
but there is a loss of valuable semantic information. Espe-
cially since their method involves converting the file into
OBJ format, which only stores geometric information of
the model.
Lin et al. (Lin et al. 2013) proposed a 3D approach for path
planning with IFC files. This method is particularly inter-
esting as it allows easy visualization of how an ARS would
move from one story to another. It also has minimal loss of
semantic information. However, the approach uses a pro-
prietary program for path-planning, and the generated 3D
maps are not as universal as a regular 2D. 2D maps in the
form of bitmaps or vector images can easily be loaded onto
path-planning software, whereas 3D models may not be as
straightforward. The approach also does not consider the
state of the building in stages before construction, meaning
that some AEC applications that occur before the comple-
tion of a building cannot rely on it. Xu et al. (Xu et al.
2017) performed a similar kind of path-planning using
IFC. However, their method is more appropriate for under-
standing the shortest connecting paths inside a building
for human movement and does not consider generating a
detailed map for the navigation of an ARS.
Karimi et al. (Karimi et al. 2021) and de Koning et al.
(de Koning et al. 2021) present two of the few approaches
specifically focused for ARS navigation, providing an out-
put suitable and usable for the ARS. Karimi et al. propose
an ontology-based approach that extracts the information
from the IFC model and builds a graph-based model con-
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taining the information of the spaces and how they are
linked between each other. Nonetheless, their approach
is based on the assumption that the IFC contains all the
information needed, which based on practical aspect of the
industry, is usually not the case. The need for a specific set
of information present in the IFC makes the approach less
robust and usable in real working conditions. The work by
de Koning et al. also proposes a graph-based generation
of a navigation map from the IFC data. It is based on the
generation of a "digital-twin" of the building used to share
information between the ARS and the IFC model, estab-
lishing a communication that works both ways. The way
to extract the information is based on a plugin specifically
developed for REVIT, that is highly dependant of the mod-
elling convention of the specific IFC model, which could
make that approach less robust and usable under real con-
struction site conditions. Hamieh et al. (Hamieh et al.
2020) proposed an indoor path planning method called Bi-
Mov for the generation of navigation maps with different
levels of detail based on IFC. The first and second levels
of detail are maps made for studying building accessibil-
ity and pedestrian movement. The third level is the one
that could be suitable for an ARS to navigate the building.
They also consider the calendar model (project schedule)
to verify the accessibility status of certain spaces based
on the point in time. This is particularly useful for au-
tonomous systems during the construction phase. BiMov
makes use of the IfcOpenShell library to process the IFC
files. However, information obtained after parsing from
the IFC files is not stored in a way that can be easily ac-
cessed by an ARS.
In summary, previous studies that deal with some sort of
map generation from IFC files generally focus on path-
planning from point A to B. There is no real focus on
generating a map that would be versatile and usable on
other platforms. In order to provide an interface between
IFC files and ARS, it is worthwhile to generate navigation
maps that can be used on existing platforms, for example,
a 2D map in the form of a bitmap or vector graphic.

Methodology
The proposed methodology extracts relevant information
from IFC files to generate semantic obstacle maps that can
be used by ARSs for navigation. Semantic information is
color-coded and added to the 2D obstacle maps. Other
semantic information useful for navigation, such as door
operation types, are also stored so that they can be easily
accessible when/if needed. By the end of the process, the
text-based information present in the IFC file (which is
hard to parse in real-time for an ARS) is simplified and
structured in two input arguments: a JSON file containing
relevant information and an obstacle map bitmap image
to be used in the navigation. The generated maps will
only be as detailed as the IFC itself. As such, to obtain
a usable obstacle map, the IFC model used must be com-
plete and not be missing any important model information.
Being complete in the context of ARS navigation would

mean having obstacles (e.g., walls, changes in elevation,
etc.) defined, as well as the connections between spaces
such as doors and stairways. The methodology is broken
down into three parts: 1) IFC Parsing, 2) Storing Parsed
Data and 3) Obstacle Map Generation. Figure 2 shows
an overview of the whole methodology. The code written
for this study is open-source and can be found on Github
(SMART-NYUAD/ifcobstaclemap Accessed: 12/06/2021).

Figure 2: Overview of the proposed methodology

Part 1: IFC Parsing

For this study, instead of focusing on creating a custom
IFC parser to obtain semantic and geometric information,
IfcOpenShell is used. IfcOpenShell is an open-source li-
brary for C++ or Python that uses OpenCASCADE (Open-
CASCADE Accessed: 12/06/2021) internally to convert
the implicit geometry in IFC files into explicit geometry
that any CAD software or modeling package can under-
stand. There is no need to create a custom parser when
IfcOpenShell is already robust to different types of IFC
schema (such as IFC2x3 and IFC4 which were tested in
this research) and is constantly updated to support new IFC
features.The library also allows for the simple extraction of
IFC data. Getting attributes of any IFC data can be done
by simply using dot notations in Python. For example,
IfcDoor.OverallWidth returns the width of a certain door.
For the parsing of IFC files in this paper, IfcOpenShell is
used on Python3.
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Geometry Extraction
Geometry is one of the more delicate attributes when it
comes to IFC. Elements can have different types of repre-
sentations such as compound solid geometry, swept geom-
etry and boundary representation (Tobiá 2015). If one was
to manually parse IFC geometry, an in-depth understand-
ing of the different representations would be needed. To
go around this, the shape processing features of IfcOpen-
Shell can be used. IfcOpenShell shape processing allows
the conversion of most geometric representations into ver-
tices, faces and edges information. This is leveraged for
the purpose of this paper.
In order to obtain accurate obstacle maps, there needs to
be a robust method to obtain the geometry of any possible
obstacle. The geometry iterator of IfcOpenShell is used to
iterate through every IfcElement present in the file to cre-
ate meshes for each one of them. This allows further mesh
processing to be done on the elements to obtain relevant
information. This will be further detailed in the obstacle
map generation section. Overall, this method can be used
to provide access to standardized geometric information
of individual elements, which can be useful to an ARS or
project monitoring team. IfcOpenShell also allows the ge-
ometry to be extracted based on the absolute coordinates
in the IFC file, with the USE_WORLD_COORDS param-
eter set to True. Using this method, the obtained vertices,
edges and faces for the geometry also include placement
information. This removes the need of having to deal with
IFC placement, which is usually hard to obtain as individ-
ual element placement attributes are given relative to other
container elements rather than the absolute placement.

Navigation Information
Besides geometry, there are a lot of other types of infor-
mation stored in IFC files that can be useful for navigation.
Considering that a color-coded obstacle map will already
be made available to the ARS, the information shown in
Table 1 may still be useful for navigation.

Table 1: Example of attributes useful for navigation

IFC Element Attributes

IfcDoor
OperationType

OverallHeight

OverallWidth

IfcStairFlight

NumberOfRiser

NumberOfTreads

RiserHeight

TreadLength

Assuming that doors would be the primary method of
navigating between two connected spaces, it is important
to have at least some basic semantic information about the

different door types. If the ARSs were to interact with a
door, knowledge about the door operation type (e.g., single
vs. doubled-hinged, right vs. left swing, knob vs. lever
handle) is crucial. For stairs, the main method to navigate
between two vertically connected spaces, the ARS can use
information such as the number of steps, step height and
width to determine how to navigate based on its locomotion
method (i.e., wheels, tracks, legs, etc.).

Part 2: Storing Parsed Data

Storing data that can be useful for navigation in a separate
file from the IFC has several advantages. While the IFC
format was created to be platform neutral and to facilitate
information exchange, the interoperability it provides is
between different BIM software and not so much to other
platforms. IFC is not a file format that would be easy to
process for an ARS. There is a lot of information that may
not be relevant for such platforms. Irrelevant information
from the IFC may significantly slow down processes such
as information query. This would not be the most efficient
for applications that need to access this type of data in real-
time. As such, it is worthwhile to store navigation-relevant
information in a file that is universal and versatile, and the
data chosen to be stored must only contain relevant infor-
mation. For those reasons, the JavaScript Object Notation
(JSON) format was considered for this research. JSON is
an open standard file format and data interchange format
that is language independent, making it ideal for data inter-
change (Introducing JSON Accessed: 12/06/2021). This
is suitable for our purpose as it provides flexibility on the
language used by the ARS.
The data parsed from the IFC, structured in nested Python
dictionaries, can easily be dumped into a JSON file. The
JSON file then allows for information to be queried. The
type of information to be stored in the JSON file is selected
within the scope of ARS navigation. For elements such
as stairs or any obstacle, information that would be useful
for navigation purposes can be obtained from the geome-
try. Stair attributes, such as the number of risers or riser
height, can be calculated from mesh information. How-
ever, there is no way to easily determine the OperationType
attribute of doors through geometry, and this information
is crucial for an ARS that needs to interact with doors. As
such, the OperationType is given priority to be stored in
the JSON file. The IfcGlobalId attribute, which is unique
for each element in an IFC file, is chosen as the key in
the Python dictionary. Values that are stored for all ele-
ments are the geometry information (in terms of vertices,
faces and edges) and element type (e.g., IfcWall, IfcDoor,
IfcWall). For IfcDoor, the OperationType, OverallWidth
and OverallHeight are also stored as these attributes are
essential for navigation. The door operation type is stored
with the same tag that it has in the IFC file. For ex-
ample, for a door that is single-hinged and swings left,
the operation type is stored as SINGLE_SWING_LEFT.
Detailed explanations of each operation type tags can be
found on the buildingSMART website (IfcDoorTypeOper-
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ationEnum Accessed: 12/06/2021).
Figure 3 shows an example of how the information is stored
for the door with ID: 18PQUIFELEARLM4c0brquf. The
figure is a representation of the JSON file instead of a snap-
shot of the JSON file itself in order to make the informa-
tion more legible. The ID 18PQUIFELEARLM4c0brquf
has values that give the geometry (in the form of ver-
tices(verts), faces and edges), the element type, which is
IfcDoor and the door operation type, which is revolving in
this case. The width and height of 2 m and 2.1 m are also
stored. With this structured and easy to parse JSON file,
the need for the ARS to deal with complex structures and
useless (in terms of navigation) information stored in an
IFC file is completely removed.

Figure 3: Example of IfcDoor element stored in JSON

Part 3: Obstacle Map Generation
Mesh Generation
In order to generate an obstacle map, the geometric infor-
mation for each element must be standardized. As men-
tioned in the Geometry Extraction section, the geometry
processing features of IfcOpenShell are used to obtain
vertices, faces, and edges information for each building
element. From this information, a triangulated mesh can
be produced. Meshes are chosen as the standard repre-
sentation as mesh processing is relatively common and
has multiple available libraries, such as Trimesh (Dawson-
Haggerty et al. Accessed: 12/06/2021) for Python.
Trimesh is chosen for the purpose of this study as its mesh
concatenation feature is useful to combine the meshes of
the different building elements to generate a unified mesh
of the whole building. This unified mesh can then be
used to generate the obstacle maps. In order to add se-
mantic information to the meshes, a color attribute was
used to differentiate between the main types of building
elements. The differentiation was done within the scope
of autonomous navigation. The three main types of build-
ing elements present would be 1) obstacles, such as walls
and furniture, 2) openings/horizontal space connections,
such as doors, and 3) vertical connections, such as stairs.
Figure 4 shows examples of generated meshes for different
elements. Once the meshes of each element are created,
they can be concatenated to create a unified mesh for the
model. This unified mesh also retains the color informa-
tion that is added based on the element type, and can be
used to have an overview of the navigability of the model.
Figure 5 shows an example of a unified mesh created from

a simple house model. While IfcOpenShell already has
some tools such as IfcConvert to generate vector graphics
of floor plans, they do not add any semantic information
to the map, which is why the extra step of generating a
colored-coded mesh is performed.

Figure 4: Example of generated meshes for (a) wall, (b)
staircase, and (c) door

Figure 5: Example of unified mesh

Mesh Slicing

Obstacle maps for each story are then generated simply by
taking horizontal cross-sections from the unified, color-
coded mesh. The height at which the slicing is done can
be adjusted based on the height of the ARS for which the
obstacle maps are being generated to account for relevant
obstacles. In order to generate those slices, Trimesh is
not ideal as the slicing function does not consider the
color information added to the mesh. This would result in
the loss of the valuable semantic color-coding. As such,
another Python mesh processing library, PyVista (Sullivan
& Kaszynski 2019), is used. PyVista is more adapted to
dealing with color information in meshes and gives more
flexibility when generating the slices. Multiple slices were
taken between the floor level of the story and the height
of the ARS, and then stacked to give a whole picture of
the obstacles that are relevant for the ARS. After stacking,
the resulting obstacle map is exported as a bitmap image.
This is repeated for all the stories of the building.
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Space Centroids

ARSs are often fed waypoints (i.e., a point of reference
used for location and navigation) during autonomous tasks,
and those waypoints are often chosen manually. For cer-
tain applications, such as 3D laser scanning or taking im-
ages that can be used to assess the progress of construction
work, the centroid of spaces can be considered useful way-
points to scan the space (e.g., a rectangular room). The
proposed approach can automatically generate those points
from the IFC file. Therefore, a useful addition to the ob-
stacle maps would be the centroid of each defined space in
the building. The coordinates can be determined by sim-
ply calculating the centroid of the meshes of each IfcSpace
element. Red markers are then added to the obstacle map
at those coordinates, providing a central position for the
ARS to stop and perform a general scan, or take images of
a given space.

Experiment
As a proof of concept, this section provides an overview of
how the proposed methodology works by using a sample
IFC file (Figure 2) to generate the JSON file and obstacle
maps.

IFC file

The chosen open-source IFC file was obtained from
ifcwiki.org (IFC Wiki Accessed: 12/06/2021) and
was authored in ArchiCAD20 (ArchiCAD 20 Accessed:
12/06/2021). The file uses the IFC4 schema. The build-
ing represented by the IFC is a 5-story (including a base-
ment) institutional-type building with a footprint of 850
m2. The floors are divided into different spaces/rooms
(around 20 spaces on average per floor) and contain furni-
ture (tables, chairs) and doors of different operation types,
such as single-hinged swing left or right doors, double
doors and revolving doors. Figure 6 shows a screenshot
of the IFC model. A standard floor plan of the ground
floor is shown in Figure 7. This type of floor plan can be
easily obtained from any BIM software when importing an
IFC file. One of the limitations of this type of floor plan,
when considered for ARS navigation, is that different el-
ements cannot be easily differentiated. Obstacles are also
not represented based on the height of the ARS; instead,
the whole elements are shown.

Figure 6: Graphical representation of the IFC being studied

Figure 7: Floor plan of Ground Level

Parsing and Storing Data
The data in the IFC file was parsed as detailed in the
Methodology section. The parsed, navigation-specific,
data was then stored in a JSON file so that it can be later
accessed. The JSON file was inspected and was found to
be as expected.

Mesh Generation and Obstacle Maps
The unified mesh generated from the IFC file (shown in
Figure 8) is as expected and matches the IFC model. As
the model contained five stories, five different obstacle
maps were generated. Figure 9 shows the obstacle map
generated for the basement of the building. Obstacles are
shown in black, doors in green and stairs in yellow.

Figure 8: Unified mesh of the IFC

Results Discussion
The generated obstacle maps match the information ob-
tained from the IFC file. Using the results from the base-
ment of the building, information from the IFC shows the
presence of 16 doors and one stair. Sixteen doors (colored
in green) and one stair (in yellow) can be counted from the
obstacle map generated. The semantic information pro-
vided by the obstacle map is therefore validated. Overall,
the obstacle map can give an added layer of semantic in-
formation over a standard floor plan. The waypoints (red
squares) in Figure 9 accurately represent the centroid of
each defined space in the building. However, it should be
mentioned that during construction, the disposition of the
actual layout of the construction site might not be exactly
as shown in the obstacle map, for example, some spaces
might not be completed yet, and temporary obstacles (e.g.,
scaffolding) might be present. In any case, the generated
waypoints could provide a reliable position for the location
and navigation of the ARS during its autonomous tasks.
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Figure 9: Obstacle map of the basement from the IFC for the sample building. Different openings between the spaces (doors) in green.
Vertical openings between floors (stairs) in yellow. Centroid of each space (waypoints) in red.

Conclusion, Limitations and Future Work

The need for automation in the AEC industry is increasing.
Tedious and repetitive tasks, such as progress monitoring,
would really benefit from automation. ARSs used in au-
tomated applications often only rely on onboard sensors
for navigation. With the advent of BIM, it is now possi-
ble to make building information available to autonomous
systems before deployment on-site. To make this process
more efficient, it is worthwhile to automate the extraction
of information from BIM models as manual extraction is
often time-consuming and requires in-depth knowledge of
the BIM tool used. This paper proposes a method for
bridging the gap between BIM and ARS. By relying on
the IFC file, relevant information was extracted by an al-
gorithm to produce data that can be more easily understood
by an ARS. Navigation was the main scope of the paper.
As such, obstacle maps, loaded with semantic information
in the form of color-coding, were generated from the IFC.
Other relevant details such as door operation type were
extracted and stored in a JSON file for easy access.
The proposed implementation can be improved. Firstly,
the level of detail of the color-coded obstacle maps could
be increased by considering even more semantic infor-
mation present in the IFC. Currently, only three types of
elements are considered. Secondly, the implementation
could be adapted for applications where the building is
not fully constructed, such as progress monitoring. This
could be done by adding the scheduled tasks to the IFC
and generating the obstacle map based on whether a cer-
tain element was already built or not. This would allow
for the obstacle maps to be dynamically updated to reflect
the current state of the building more accurately. This
schedule information could also be stored in the JSON file
to be accessed by the ARS to determine the as-planned
construction progress of a certain element. The waypoint
generation should also account for non-rectangular room
shapes, where more than one point is needed to fully scan
the room due to wall occlusions. Future work by the au-

thors will address such improvements.

Page 182 of 605



References

ArchiCAD 20 (Accessed: 12/06/2021), On-
line: https://graphisoft.com/solutions/
products/archicad.

Dawson-Haggerty et al. (Accessed: 12/06/2021),
‘trimesh’, On-line: https://trimsh.org/.

de Koning, R., Torta, E., Hendrikx, B., Pauwels, P. &
van de Molengraft, M. (2021), ‘Queries on semantic
building digital twins for robot navigation’.

Dijkstra, E. W. (1959), ‘A note on two problems in connex-
ion with graphs’, Numerische Mathematik 1(1), 269271.

Dimyadi, J., Spearpoint, M. & Amor, R. (2008), Sharing
building information using the IFC data model for FDS
fire simulation, in ‘Fire Safety Science’, pp. 1329–1340.

Gazebo Simulator (Accessed: 12/06/2021), On-line:
http://gazebosim.org/.

Gerold, F. (Accessed: 12/06/2021), ‘IFC++’, On-line:
https://ifcquery.com/.

Hamieh, A., Makhlouf, A. B., Louhichi, B. & Deneux,
D. (2020), ‘A BIM-based method to plan indoor paths’,
Automation in Construction 113.

Hart, P., Nilsson, N. & Raphael, B. (1968), ‘A Formal
Basis for the Heuristic Determination of Minimum Cost
Paths’, IEEE Transactions on Systems Science and Cy-
bernetics 4(2), 100107.

IfcDoorTypeOperationEnum (Accessed: 12/06/2021),
On-line: https://standards.buildingsmart.
org/IFC/DEV/IFC4_2/FINAL/HTML/
schema/ifcsharedbldgelements/lexical/
ifcdoortypeoperationenum.htm.

IFC Wiki (Accessed: 12/06/2021), On-line: https://
www.ifcwiki.org/index.php?title=IFC_Wiki.

Introducing JSON (Accessed: 12/06/2021), On-line:
https://www.json.org/json-en.html.

Karimi, S., Iordanova, I. & St-Onge, D. (2021), ‘An
ontology-based approach to data exchanges for robot
navigation on construction sites’, arXiv:2104.10239 .

Kim, H., Anderson, K., Lee, S. & Hildreth, J. (2013),
‘Generating construction schedules through automatic
data extraction using open BIM (building informa-
tion modeling) technology’, Automation in Construc-
tion 35, 285–295.

Krijnen, T. (Accessed: 12/06/2021), ‘IfcOpenShell’, On-
line: http://www.ifcopenshell.org/.

Lin, Y. H., Liu, Y. S., Gao, G., Han, X. G., Lai, C. Y.
& Gu, M. (2013), ‘The IFC-based path planning for
3D indoor spaces’, Advanced Engineering Informatics
27, 189–205.

Liu, L., Li, B., Zlatanova, S. & van Oosterom, P. (2021),
‘Indoor navigation supported by the industry foundation
classes (ifc): A survey’, Automation in Construction
121, 103436.

MATLAB Robotics Toolbox (Accessed: 12/06/2021),
On-line: https://www.mathworks.com/products/
robotics.html.

OpenCASCADE (Accessed: 12/06/2021), On-line:
https://www.opencascade.com/.

Robot Operating System (Accessed: 12/06/2021), On-line:
https://www.ros.org/.

SMART-NYUAD/ifcobstaclemap (Accessed: 12/06/2021),
On-line: https://github.com/SMART-NYUAD/
ifcobstaclemap.

Song, C., Wang, K. & Cheng, J. C. P. (2020), BIM-Aided
Scanning Path Planning for Autonomous Surveillance
UAVs with LiDAR, in ‘Proceedings of the 37th Interna-
tional Symposium on Automation and Robotics in Con-
struction (ISARC)’, Vol. 4, International Association
for Automation and Robotics in Construction (IAARC),
pp. 1195–1202.

Stentz, A. (1994), ‘Optimal and efficient path planning
for partially-known environments’, Proceedings of the
1994 IEEE International Conference on Robotics and
Automation .

Sullivan, C. B. & Kaszynski, A. (2019), ‘PyVista: 3d plot-
ting and mesh analysis through a streamlined interface
for the visualization toolkit (VTK)’, Journal of Open
Source Software 4(37), 1450.
URL: https://doi.org/10.21105/joss.01450

Tobiá, P. (2015), ‘An Investigation into the Possibilities of
BIM and GIS Cooperation and Utilization of GIS in the
BIM Process’, Geoinformatics FCE CTU 14, 65.

Unity (Accessed: 12/06/2021), On-line: https://docs.
unity3d.com/Manual/Navigation.html.

Wang, R. & Tang, Y. (2021), Research on Parsing and
Storage of BIM Information Based on IFC Standard,
in ‘IOP Conference Series: Earth and Environmental
Science’, Vol. 643, IOP Publishing Ltd.

Xu, M., Wei, S., Zlatanova, S. & Zhang, R. (2017), BIM-
BASED INDOOR PATH PLANNING CONSIDERING
OBSTACLES, in ‘ISPRS Annals of the Photogramme-
try, Remote Sensing and Spatial Information Sciences’,
Vol. 4, Copernicus GmbH, pp. 417–423.

Page 183 of 605



 

2022 European Conference on Computing in Construction 

 

Ixia, Rhodes, Greece 
July 24-26, 2022 

 

PRESENTATIONS OF RASE KNOWLEDGE MARK-UP 
 
  

 . 
 

Nicholas Nisbet1 2  
Dr Ling Ma1  

Dr Gulnaz Aksenova1  
1UCL London n.nisbet@ucl.ac.uk, 2AEC3 nn@aec3.com  

  

Abstract 

RASE is a mark-up method allowing subject matter 
experts to expose the implied logic within the documents.  
RASE is now a formally defined mark-up of documents 
including text and tables compatible with W3C HTML 
standards.  The mark-up renders normative, definitive and 
descriptive text documents machine-interpretable. This 
paper extends the understanding of RASE and classifies 
the reasons and means to translate RASE into various 
derived presentations. A generic iterative method 
responds to events encountered within the mark-up 
structure to generate presentations used in formal logic, 
diagramming and other technical representations, so as to 
expose and explain the logical and operational structure.  

Introduction 
Normative knowledge, describing how a domain is 
required or expected to be manifested, is a significant 
category of knowledge alongside definitive knowledge 
and descriptive/narrative knowledge. These three kinds of 
knowledge can be structured and analysed, either 
separately or they can be brought together to effect 
automated compliance checking. RASE embeds in the 
source material sufficient extra content to render the 
document machine-readable whilst maintaining human-
readability. The addition of RASE to a document is 
ideally carried out by the subject matter experts, or the 
original authors, who are best placed to resolve any 
ambiguity of language. Domain experts find the process 
natural and informative, allowing them to capture once-
off their tacit knowledge and potentially to improve their 
writing and interpretation skills.  Projects such as 
SMARTcodes [Nisbet et al, 2008] and regBIM [Beach et 
al, 2013] have been completed successfully. Projects 
under the DCOM initiative [DCOM, 2021] are reviewing 
various UK guidance documents relating to fire, energy 
and accessibility using RASE. The outcomes should be 
reported next year. 

Ontology, schema, representation and presentation 

The RASE approach (figure 1) addresses knowledge 
capture by exposing within the source text a simple ‘tree’ 
ontology of objectives containing other objectives and/or 
metrics [Nisbet et al, 2008]. If a metric or objective occurs 
more than once, then the structure may transition from 

being a strict tree to being a directed graph.  At a schema 
level, RASE adds an optional identifier on the metrics and 
objectives, which can be invaluable in linking code 
compliance checking results or detailed trace messages 
back to the exact source text.  The RASE schema [AEC3, 
2021] identifies four types of objectives and metrics, 
‘Requirement’, ‘Applicability’, ‘Selection’ and 
‘Exception’, identified by the four-letter acronym 
‘RASE’. Objectives and Applicability, Selection and 
Exceptions metrics are common in all three kinds of 
knowledge, but Requirement metrics may be normative 
(‘shall be’) , definitive (‘is defined as‘) or 
descriptive/narrative (‘is reported as’). A metric is a 
simple property expression, but it may also have 
comparator, target and unit attributes identified 
separately.  RASE is usually represented as a mark-up 
added to the text but can be used as metadata added to the 
fields of  structured tables.    

 
Figure 1: Presentations in context 

 

Documents with RASE mark-up can be interpreted 
directly by an algorithm, consuming the source 
knowledge directly, as implemented in AEC3 Require1 
[AEC3, 2022]. All rules in each normative body of 
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knowledge are applied to all spatial, physical and process 
objects and facts in the descriptive/narrative body of 
knowledge. Metrics are evaluated by reference to the 
target description knowledge. Objectives are evaluated by 
reference to their logical operator and the logical value of 
their constituent objectives and metrics. In most cases, the 
rule-object pair is quickly resolved by considerations of 
subject relevance, before the predicate expectation are 
considered.   A document with RASE mark-up can be 
consumed directly by an application or ‘rule-engine’ that 
supports three constructs: 

● Tracking the state of any metric or objective 
using 3-value (true, unknown, false) logic. This 
is in preference to 2-value Boolean logic (true, 
false) which is less effective at handling the 
uncertainties and missing information that 
characterizes regulatory compliance checking 
and real-world applications in general. Metrics 
that are evaluated as ‘unknown’ should not be 
defaulted to either Boolean value as this can 
cause incorrect outcomes.   

● Using a suite of four logical operators, (AND, 
OR, NOTAND, NOTOR), associated with the 
four RASE roles, in preference to the 
AND/OR/NOT paradigm which is less 
compatible with normal language and grammar. 
In some cases, NOTAND and NOTOR can be 
implemented internally using the traditional 
AND/OR/NOT paradigm, but this complication 
is best not made visible to the user.  

● Using variadic (open list) implementations of 
these logical operators, as any number of metrics 
and/or objectives may be encountered within the 
text. This is in preference to using any in-line 
binary operators. In some programming 
languages, variadic logical operators can be 
overloaded to implement optimization heuristics, 
such as early resolution of a logical operator 
without necessarily evaluating all the terms. 

 

For these reasons and for efficiency, it will often be 
preferable to use this direct consumption of documents 
with RASE mark-up. However, it may be necessary to 
present the knowledge embedded in a RASE document in 
other forms. This paper explores the relationship between 
RASE and other knowledge representation by reviewing 
some of these as alternative presentations of RASE mark-
up. This challenge is potentially open-ended, so this paper 
will categorize the alternative presentations by purpose 
and show that there is substantial coverage within each. If 
successful, then other knowledge representations can be 
expected to be derivable presentations of RASE. 

 

Method 
The method used for these exercises was to explore the 
solution space by iterative development building on the 
first presentations of RASE. The earliest exercises were 
undertaken in 2007-2008 and these have subsequently 
been redeveloped and extended as the RASE mark-up was 
formalized and simplified. Each presentation was 
validated against the published syntax and examples of 
the target representation. The visual presentations were 
further developed to organise the diagrams with the most 
compact layout, shortest connectors and the least 
crossovers. Operable representations were validated 
against existing ‘rule-engines’. 

Algorithm development 
The RASE mark-up uses ‘boxing’ of text content to 
represent the definition of objectives which can contain 
other objectives, and metrics, represented by underlining 
of text content. This definition implies a recursive tree 
(branch-and-leaf) structure, embedded in the conventional 
HTML mark-up of document structure and text-
decoration. An algorithm to expose this ontology 
therefore follows one of the mathematically well-defined 
tree-traversal algorithms. Since only metrics can be 
evaluated and their evaluated logical value then affects the 
objectives above, a depth-first search (DFS) approach was 
selected. Using a ‘left-right-node’ (LRN) sequence 
effectively generates an expression tree. The 
transformation uses a single tree-iteration algorithm, with 
specific ‘events’ detected and the appropriate output 
specific to the desired presentation is generated. The 
output in response to each event may be an indentation, a 
textual marker, a symbol or an arrow. The following 
events are detected: 

 

a. Start: generate any header material and start the 
recursive exploration of the mark-up 

b. Before or after the first, ‘i’-th, or last  
a. objective or metric:  document the 

appropriate output including any 
position-dependant syntax 

b. objective or metric of one of the four 
types: document the appropriate logical 
operator and any position-dependant 
output 

c. Drop down from an objective: start a recursive 
exploration 

d. Lift up to an objective: end a recursive 
exploration 

e. End: end the recursive exploration of the mark-
up and generate any footer material 

 

A number of different programming approaches could 
have been used. RASE content is embedded in HTML 
[W3C, 2019] and all the presentations in the following 
experiments have a text-based representation, using 
HTML, XML, SVG or plain text. HTML is compatible 
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with XML [W3C, 2008] conventions. This allows XSLT 
[W3C, 1999] transformations to be used to effect the 
generation of the desired presentations.  Any necessary 
translation of the output into the binary executable is left 
to the relevant programming compiler.    

In many of these presentations, the child nodes of each 
objective have been sorted in the order A/S/E/R. The use 
of sorting and the selection of A/S/E/R as the preferred 
order is arbitrary but reflects a common sequence found 
in documents, though some legal styles of writing may 
place Exceptions first. Applicability, Selections and 
Exceptions together define the grammatical subject and 
are sorted to appear first within their objective so as to 
highlight them as pre-requisites.    Requirements as the 
grammatical predicate are sorted to appear last. A second 
reason for sorting Requirements to appear last is that 
definitive Requirements, such as dictionary, thesaurus and 
classification knowledge, are required to be accepted as 
true so if any are present then they should be sorted to be 
considered last so as to create new knowledge entries only 
if all other alternatives such as Not Applicable, Not 
Selected, or Excepted have been explored.   

Experiments 
Knowledge representations have been developed to serve 
a number of different purposes.  Five such purposes are 
discussed in the following sections. 

1. Direct inspection.  

2. Review and use as checklists.  
3. Consumption by other rule engines.  
4. Export to interoperable formats.   
5. Formal knowledge representations.   

Purpose: Direct inspection  

Presenting the RASE mark-up as visual decoration on the 
original text and tables supports review and development. 
This avoids the executable ruleset being a separately 
authored artefact. The generation of presentations to 
support review by domain experts is intended to re-
enforce the credibility of the RASE methodology by 
offering other readable forms. Credibility may be 
generated if the original text, the RASE mark-up and the 
domain experts’ view are recognized as being aligned. 
This supports a validation and verification process that 
aims to recognize the metrics identified in the text as 
being accurately captured and relatable to the domain. It 
also aims to recognize the four RASE roles identified for 
the metrics and objectives.  

 

The simplest example is the application of an embedded 
or external CSS presentation stylesheet to make the RASE 
mark-up visible. Figure 2 shows an artificial example of a 
single check used in the subsequent presentations. A set 
of presentation conventions have been embedded in a 
‘cascading stylesheet’ CSS [W3C, 2007] ‘rase.css’ 
[AEC3, 2021] so that any web page editor or browser can 
be used to review the RASE document. This stylesheet 
contains rules for annotating the document with boxing 

and underlining in four colours and responding to ‘mouse-
over’ events to show any identifier and metric parameters. 
Requirements are shown in solid blue, Applicability in  
dotted green, Selection in purple dashed and Exceptions 
in double underlined orange.  Most of the following 
presentations use the same stylesheet conventions to build 
familiarity and legibility. SVG [W3C, 2011] graphics are 
used for graphic output to maintain legibility in different 
contexts.  

 

 
Figure 2: Example RASE mark-up 

Purpose: Review and use as checklists  

Presenting normative content as checklists shows the 
content in a familiar form either as lists, decision trees or 
tables and shows that the RAE mark-up can support 
conventional manual checking processes using 
worksheets. Since the RASE ontology maps knowledge to 
a tree structure, any RASE document can be presented 
using the HTML unordered list <ul> tag. Language 
annotations can clarify the logical relationships at each 
branch in the tree, making the tree readable.  

 

The tree structure can be summarized in a table giving the 
parent-child identifiers and any parameters on the metrics. 
This exposes the metrics that need to be responded to 
either by the target domain or by an intermediate 
dictionary knowledge resource.  

 

Since any tree can be traversed depth-first or width-first, 
the RASE mark-up in the source document can be re-
constructed into a continuous text. Such text will often be 
stilted, lacking fluency or variety, but can be used to 
engage domain experts who may be over-familiar with the 
original text.  
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Figure 3: Checkable text awaiting values  

 

Each of these presentations can be enhanced by 
annotating any metric with an interactive HTML text 
input widget, and each metric and objective with a passive 
HTML read-only text widget (figure 3). This converts an 
informative document into a dynamic checklist. 
Checklists are an important tool in manual checking 
practice. These presentations ensure that the checklist is 
accurate and complete.  The user can provide any known 
values for a single situation, for example, a room, door or 
accident. Each additional piece of information can cause 
some of the logical tree to be re-evaluated, filling in the 
logical (true/unknown/false) state of each metric and 
objective until an overall outcome is obtained.  Additional 
coding embedded in the document can hide any sub-tree 
that is fully resolved. This feature fulfils the ambition to 
have self-filtering regulations that are automatically 
tailored to the user's context. For example, given the 
specific building type, large swathes of the building 
control documents can be suppressed from view.  

Purpose: Consumption by other rule engines  

Presenting normative content in forms that can be 
consumed by existing rule engines serves to confirm that 
RASE is compatible with existing rule infrastructure,    

Presentations may be prepared for consumption by 
existing rule engines. This can contribute to research and 
exploitation efforts that are already using other rule 
methodologies, rule engines or geometric engines. 
Existing rule engines may come with fully developed 
support structures such as user interfaces and reporting. 
Existing rule engines may be taken as robust and so may 
not need further validation. However, these may not 

support the three algorithm requirements and so 
workarounds may need to be introduced. By accepting an 
off-the-shelf rule engine, the opportunity to operate some 
heuristics may be not available.  

 

The regBIM project [Beach et al, 2013] has used 
transformations of the RASE markup into the Java 
DROOLS [DROOLS, 2021] syntax. Since DROOLS 
operates within a conventional Java programming 
environment, additional methods can be included, for 
example, the methods for accessing the target domain 
such as IFC [ISO, 2018] BIM models. Side-effects, such 
as actual and maximum BREEAM points can be tracked 
by additional coding. DROOLS by default uses two-value 
logic and so guard clauses must be generated to protect 
the rule statements from metrics or objectives that are as 
yet unknown. In the current UK DCOM project [DCOM, 
2021] asynchronous processing is handled so that calls to 
analysis and simulation servers can be used.  

Datalex [Datalex, 2021] is a simple text-based rule 
language developed for legal support that can join simple 
metrics together in a logical hierarchy (figure 4). It has 
constructs to allow definitional knowledge and 
intermediate results to be accumulated. There is an online 
interface that offers a controlled dialogue with the user, 
with explanations and conclusions being offered. Being 
interactive, it is suitable for the gathering and the analysis 
an individual set of facts, rather than a large body of cases, 
each having a set of facts associated.  

 

 
Figure 4: Datalex presentation 

 

DMN [DMN 2021] is a business rule execution language 
that can be integrated into business process engines. As 
such it should be of interest to the business management 
of code compliance services. However, DMN does not 
directly support the four logic operators nor three-value 
logic, or variadic functions, so this functionality has to be 
simulated by providing extensive truth tables using 
textual representations of ‘true’, ‘unknown’ and ‘false’. 
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These can be generated automatically but the resulting 
DMN is often very lengthy.  

 

Many automated code compliance projects rely on the 
development of procedural code to cover both the overall 
logic and the execution of queries against the target 
domain body of knowledge. Whilst there are a wide 
variety of general-purpose and domain-specific 
programming environments, it has been possible to 
generate single procedural functions representing a 
normative body of knowledge, leaving the implementers 
to provide supporting functions for querying the target 
domain and developing the tracking and reporting 
capabilities. As a subset of this methodology, there are a 
variety of ‘semi-procedural, semi-declarative’ coding 
methods, such as Prolog, List and ASP These accept 
simple, two-part IFTTT (if-this-then-that) statements. 
Each metric or objective found in a normative body of 
knowledge can be expressed in this form, but only if the 
three language requirements can be met. The directional 
implication means that the embodied knowledge can only 
be exploited in one direction, limiting the use of logical 
differentiation and other heuristics 

Purpose: Export to interoperable formats 

Presentations can be used to export knowledge into 
existing interoperability formats. Each of the following 
can represent the tree (or directed graph).  

The first implementation of RASE used the ‘constraint’ 
sub-schema of IFC 2x3 [ISO, 2018]. ‘IfcMetric’ can hold 
testable constraints either associated with other entities or 
as an open (un-associated) query. As found, the schema 
supported AND, OR, XOR and NOT. Subsequent 
revisions to IFC have added NOTAND and NOTOR. The 
benefit of presenting RASE knowledge as IFC is that 
existing engines such as Solibri and EPMJotne 
ModelServer (used in Singapore ePLanCheck and AEC3 
XABIO)  can already read IFC as a Step Physical File or 
as XML. This simplified the development of the 
demonstration implementations for the built environment 
by providing the import interfaces. Only the execution 
engine needed to be written, as a special add-in for Solibri 
and as a concise EXPRESS_X module for EPMJotne 
ModelServer.   

KIF is an XML based knowledge representation that 
captures the structure of objectives and metrics, and the 
parameters for the individual metrics. This format has 
been generated but not validated.  

Logic circuits using any of the four gates can be simplified 
because three of the four logical operators can be written 
in terms of NOTAND (or less commonly in terms of 
NOTOR). This simplification of the number of kinds of 
logical gates is useful in that it allows the logical structure 
to be presented as a wiring diagram, with the emphasis on 
the terminal sensors implementing the identified metrics 
(Figure 5). It is also of theoretical benefit, because it 
shows that any development of the NOTAND function, 
for example, to implement fuzzy logic or general 

uncertainty, automatically defines the expected behaviour 
of the other three kinds of gates.  This can be used to link 
creative processes and uncertainty [Nisbet, 2021].  

 

Figure 5: NOTAND logic gate presentation 

 

Many BIM authoring platforms have introduced flavours 
of ‘visual programming’ which provide an extensible 
library of functional nodes that can be connected through 
ports representing arguments and outputs. Any RASE 
document can be presented and potentially implemented 
as a visual programming diagram using an objective node 
and a metric node. 

Since the diagram (see figure 6) is generated 
automatically it is not subject to mistakes or obsolescence. 
Alternatively, it may be possible to create a RASE node 
that consumes a RASE document and interrogates the 
model entities without the intermediate step of developing 
a specific visual program. 
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Purpose: Formal knowledge representations 

It has been possible to generate presentations to expose 
the relationship of RASE to existing knowledge 
representations. These do not necessarily have a direct 
application, but they may be important in positioning 
RASE as a competent approach.  

An early review of RASE [Hjelseth et al, 2010] noted the 
analogy between the four RASE annotations with their 
four logical operators to Aristotle’s 2x2 ‘Square of 
oppositions’ quadrature. One difference is that Aristotle 
focuses on abstract generalities, whereas RASE focuses 
on the specific metrics of a piece of knowledge. The 
‘square’ is one of three possible projections of a 
tetrahedral structure which each concept strongly to the 
other three. RASE takes the results of the four distinct 
operators and then accepts any of them as valid ways of 
passing, so a nested series of diagrams can be generated. 
Developing a readable presentation of this ‘fractal’ 
structure is currently in progress. In ISO 12911 [ISO, 
2012] a recursive 1x4 box approach is used in the example 
annexes.  

A RASE mark-up can be expressed as either Propositional 
or Predicate logic sentences. The exact form of this 
presentation may depend on whether logical functions are 
admitted. Such sentences should be acceptable to  
mathematical work benches or to theorem-proving tools. 

Figure 7: Concept graph presentation 

 

The same early review also noted the relationship between 
RASE structure and ‘concept graphs’. Solihan [Solihan et 
al, 2015] presents some manually generated concept 
graphs for the example regulatory clauses. The paper also 
introduced the need for logical annotation of ‘OR’ on 
some of the connectors, rather than the default assumption 

Figure 6: Visual programming presentation 
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of ‘AND’. The presentation of RASE takes this further 
and suggests that all four RASE annotations may be 
needed for the connectors (Figure 7).  

Discussion and results analysis 
The five different purposes for developing presentations 
are indicative of the challenges that a novel approach must 
overcome to generate credibility and acceptance. It must 
be subject to inspection, review, be compatible with 
existing tools, be interoperable and match formal 
definitions. These could have proved insurmountable but 
for the use of a common tree-iteration algorithm which 
has allowed several presentations to be generated from a 
consistent base. The identification of the small number of 
distinct ‘events’ during the iteration allows a variety of 
well presented, tabulated or verbalized presentations to be 
offered. The presentation as  ‘conceptual graph’ has 
extended that state of the art by showing that logical 
operators are needed. New presentations can be developed 
rapidly if required. Each of the presentations discussed 
goes some way towards meeting these challenges.  

Conclusions 
RASE is a relatively novel conceptualization of 
knowledge and so has been necessary to demonstrate and 
illustrate its relationship to the variety of existing 
conventional knowledge representations. The examples 
discussed show that many of these knowledge 
representations are presentations of RASE that can be 
generated automatically. It also enhances the other 
representations by making them available automatically 
and without subjective interpretation or error. Different 
communities can review the knowledge embedded in 
documents using the presentations that they are most 
comfortable with, and code presentations can be bound 
into existing business frameworks. This strengthens the 
suggestion that RASE is a necessary and sufficient 
starting point for automated code compliance and other 
applications.  

 

This review has shown that there are few difficulties in 
using RASE for a range of knowledge exploitation 
techniques. The availability of several alternative 
presentations can ease the burden of quality assurance and 
control in the development of automated code compliance 
applications.  This suggests that RASE can be taken as the 
starting point for assurance, research and implementation,   

However, this does not prove the converse, that any of 
these knowledge presentations can be mapped to RASE. 
This would need to be demonstrated by reconstructing a 
readable and marked-up text from these other knowledge 
resources. In particular, RASE mark-up may need further 
development and extension to match some constructs 
found in the predicate logic and conceptual graph syntax. 
This is the subject of continuing research.  
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Abstract
Occupational safety risk (OSR) assessment in construction
projects is a complex process. Dynamic OSR assessment
to assess OSR over time, according to the planned con-
struction schedule, is uncommon because it is challeng-
ing to do despite its potential value to managers. This
article proposes a new Dynamic OSR modelling frame-
work, based on Network Theory. Its originality are (1)
exploring the risk relationships among workers by com-
bining construction activities done by different trades and
the interactions among Safety Risk Factors (SRFs) causing
safety accidents; (2) developing a dynamic risk network
across construction stages for assessing construction work-
ers’ OSR prevention priorities dynamically. The applica-
tion of the proposed approach is illustrated in the context
of a tunnel construction project in China.

Introduction
In construction projects, specialised workers must collabo-
rate to accomplish various activities via work cooperation
and work communication (Pinto et al. 2011). With the
construction industry still presenting high rates of Occu-
pational Health and Safety-related injuries and fatalities,
and the size and complexity of projects continuously in-
creasing, the importance of managing health and safety
risks increases, especially for projects occurring in a haz-
ard environment, like tunnel construction, sea bridge con-
struction or natural gas pipeline construction (Liu et al.
2018, Wang et al. 2021).
Regarding occupational safety risk (OSR), its dynamic as-
sessment is challenging. Initially, the impact of a safety
risk factor (SRF) to a safety loss depends not only on its
own features, but also on the interrelationships with other
SRFs in a construction system (Zhou et al. 2021). Dif-
ferent SRFs mutually affect, impede, and promote each
other (Ren 1994). Additionally, trade workers perform a
great diversity of construction activities causing various
SRFs (Choe & Leite 2020). Thirdly, the worker who ex-
ecutes a task is directly exposed to its associated OSR,
but is also indirectly exposed to risks produced by other
workers e.g. involved in preceding or co-located activ-
ities(Andersen & Grytnes 2021). Finally, the interaction
among SRFs or the relationship among workers is not con-
stant, but changes dynamically with process convergence,
construction schedule or other on-site requirements. All
these observations mean that there exists great dynamicity
in the OSRs throughout the project delivery, making their
assessment very challenging.
Prior works on OSR assessment focus on two relatively
independent scientific objects: engineering construction

practice, or on the workers themselves (e.g. unsafe be-
haviours, safety attitude, safe climate) (Sousa et al. 2014).
Few researchers have tried to assess OSR from the perspec-
tive of combing SRFs causing safety loss with the workers’
construction activities (Grytnes et al. 2020). Existing re-
search with OSR assessment mainly utilises Monte-Carlo
Simulation (MCS), Analytic hierarchy process (AHP),
Risk Matrix Method and Probability Method, cumulative
prospect theory(CPT) etc. (Wang et al. 2021). Fuzzy Sets
Theory (FST) has also been used to solve situations with in-
complete or inaccurate data collection and non-quantified
CRFs(Aghaei et al. 2022). As for the dynamic OSR as-
sessment, it mainly focuses on technological development.
For example, computer vision techniques have been con-
sidered to detect workers not wearing hard-hats or cross-
ing hazardous areas. These approaches typically aim to
provide information about for real-time OSR assessment,
with models created according to the movement trajectory
of workers on site causing immediate injury or the con-
struction status causing sudden safety accidents (Alkaissy
et al. 2020). As for cumulative assessment models of OSR,
the researches are closely related to issues of bio-metrics,
psycho-physiology and ergonomics. For example, Lom-
bardi et al. (2011) designed a questionnaire for causes of
falling, with the SRFs including worker demographics,
injury, ladder and work equipment, environment charac-
teristics, and work tasks.

However, if the construction worker with the highest OSR
and corresponding construction activities can be predicted
in advance, during construction planning, according to the
established Construction Schedule (CS), then (1) targeted
risk mitigation measures can also be planned; (2) OSRs
and their evolution over time can be better communicated
to the construction workers, which can be beneficial for
their safety attitude (Liang et al. 2019). Therefore, it is
important to find a practical method to predict OSRs dy-
namically as the project progresses through CS.

To address this problem, we propose to utilise the construc-
tion activity and construction environment as the links
between SRFs causing safety loss, the workers, and the
time dimension (through the CS). The risk transmissions
among SRFs enables establishing risk chains. These re-
lationships are identified through project document anal-
ysis (e.g. construction project plan, construction speci-
fications, contracts for various professional projects, and
the construction schedule). We then use Social Network
Analysis (SNA) and Data Structure Analysis (DSA) to
formalise the dynamic interactions among Construction
Activities causing SRFs over time, identify the work-
ers who are responsible for these CAs, and then estab-

Page 191 of 605



lish a three dimensional dynamic occupational safety risk
network (Dynamic-OSRN). A case study is presented to
demonstrate the feasibility and effectiveness of the pro-
posed method for OSR assessment over via Python, and
visualised by Ucinet 6.0 and Net-draw.

Proposed Approach
Model Structure
To assess construction workers’ OSR dynamically, this
study designed an OSR assessment model using SNA and
DSA. The method includes three steps: Risk Identifica-
tion; Risk network establishment; and Risk analysis (See
Figure 1).

Step 1 - Risk-related Factor Identification
In this study, understanding the external construction en-
vironment and internal construction activities is the basis
to identify the SRFs, workers and occurrence of SRFs over
time.

Step1.a - SRF Identification: First, the list of poten-
tial safety accidents is identified. Safety accidents are
caused by the interaction of internal and external SRFs
(Nasirzadeh et al. 2008). Therefore, given the specific
safety accidents, related SRFs are identified from the ex-
ternal construction environment and internal construc-
tion activities. This identification work can be done
through project document analysis, literature review, ex-
pert interview, or other relevant methods. Let’s call
F = {Fi,Fx | i,x ∈ [1,n]} the SRF set.

Step1.b - Workers Identification: All construction ac-
tivities are completed by specific types of workers, i.e.
with specific skills. The relationships between workers
and SRFs can be determined at the same time as the con-
struction activities causing SRF are undertaken by the re-
lated workers. Besides, we assume there are several virtual
workers who are related with the SRFs from the external
environment since not actual workers can be held respon-
sible for them. Let’s call P = {Pj,Py | j,y ∈ [1,m]} the
Workers set. The left-hand side of the diagram in Figure 2
shows the relationships between workers and SRFs.

Step1.c - Time Identification: The construction activi-
ties also enable us to link SRFs to time, since the timing
of construction activities causing SRFs are presenting in
the CS clearly. We also need to identify the evolution
over time of SRFs linked to external construction environ-
ment through reconnaissance technologies, to match them
with the established CS, like the monitoring or measure-
ment technologies for detecting the Tunnel displacement,
surface settlement, blasting vibration on tunnel projects.
The CS normally presents the construction activities over
continuous time periods (T) expressed in quarter, month,
day, or other time periods as appropriate. Let’s call
T = {Tz,Tk | z,k ∈ [1,w]}, the Time set. The right-hand

side of the diagram in Figure 2 shows the relationships
between CS and SRFs.

Step 2 - Risk Network Establishment
Step2.a - Establishing a static SRF-Network: We pro-
posed to utilise the risk chain theory to establish the static
SRF-Network by qualitative analysis. Each safety acci-
dent is the result of several SRFs that are chronologically
linked, and as such establish a transmission chain (Chen
et al. 2019). Besides, SRFs can contribute to multiple
risk events. As a result, these SRFs integrate multiple risk
transmission chains, thus forming a SRF network. These
pair-wise relationships between SRFs can be represented
as 1-mode SRF adjacency matrix A = [ai j]n×n with:

aix =

{
1, if(Fi,Fx) ∈ A

0, if(Fi,Fx) /∈ A
(1)

where A ={(Fi,Fx); if Fi is affected by Fx; i,x ∈ [1,n]} is
the set of directional relationships between pairs of Fs.
The middle of the diagram in Figure 2 shows of the rela-
tionships among SRFs.

Step2.b - Establishing a Dynamic-OSRN: (1) Com-
pute and modify 1-mode W-SRF adjacency matrix
The 1-mode SRF adjacency matrix and the relationships
between Workers and SRFs can further form the 1-mode
W-SRF adjacency matrix B = [bi j]mn×mn with:

bi j,yx =

{
1, if (PjFi,PyFx) ∈ B

0, if (PjFi,PyFx) /∈ B
(2)

where (PjFi,PxFy)means a construction activity completed
by Pj causing a SRF Fi is affected by the CA completed
by Px causing other SRF Fy. B={(PjFi,PxFy); if a PjFi is
affected by PxFy; i,x ∈ [1,n]; j,y ∈ [1,m] and PjFi 6= PxFy}
is the set of directional relationships between pairs of PFs.
Note that when several workers are responsible for the a
construction activity causing the focal SRF, their work
affect each other when considering the risk allocation
throng work corporation. Namely, if Pi,Pj, · · · ,Pz do
a construction activity causing the focal SRF Fx, we
assume((PiFx,PjFx, · · · ,PzFx) ∈ β .The conversion above
does not take it into account, so we corrected it.
(2) Compute and modify 1-mode W-SRF-T adjacency ma-
trix
The 1-mode W-SRF-T adjacency matrixC = [c jik]mnw×mnw
is built by using the 1-mode W-SRF adjacency matrix and
the occurrence time of SRFs, with:

c jik,yxz =

{
1, if(PjFiTk,PyFxTz) ∈ C

0, if(PjFiTk,PyFxTz) /∈ C
(3)

where (PjFiTk,PyFxTz) means a construction activity com-
pleted by Pj causing a SRF Fi during the period of Tk is af-
fected by the construction activity completed by Px causing
other SRF Fy during the period of Tz. C ={(PjFiTk,PyFxTz);
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Figure 1: The Framework for occupational safety risk assessment model based on SNA-DSA

Figure 2: The schematic of the relationships between SRFs and
workers, among SRFs and the occurrence time of SRFs.

if a PjFiTk is affected by PyFxTz; i,x = 1,2, · · · ,n; j,y =
1,2, · · · ,m;k,z = 1,2, · · · ,w; and PjFiTk 6= PyFxTz } is the
set of directional relationships between pairs of PFT s.

Notes that SRFs caused by past construction activities
should not be affected by SRFs caused by current con-
struction activities. The model above does not account for
this irreversibility of time and thus needs to be modified.
Namely, if PjFiTk is affected by PyFxTz and Tk < Tz, then
we should modify it to ensure that (PjFiTz,PyFxTz) /∈ C .

The set of W-SRF-Ts and their directional relationships
captured in the dynamic-OSRN (see Figure3) can now be
used for analysis.

Step 3 - Risk Analysis
We propose to utilise the in-degree centrality as a OSR
index. In a network, the absolute in-degree centrality re-
flects the number of direct influence relationships between
the focal node affected by other nodes (WE 2020). Con-
sequently, in the Dynamic-OSRN, the absolute in-degree
centrality of the focal node captures its level of influence
from other nodes. The higher the in-degree centrality of
a given W-SRF-T node, the higher level that this node is
affected by other W-SRT-Ts, which means the higher level
of OSR associated with that W-SRF-T.
For SRF Fi caused by the construction activity completed
by Pj during the period of Tk, namely (PjFiTk), its in-degree
centrality InD jik, i.e. OSRI jik, within time period Tk only,
is calculated as:

OSRI jik = InD jik =
m

∑
j=1

n

∑
i=1

c jik,xyz = ∑
N

c jik,xyz (4)

where N means the number of nodes (i.e. W-SRF-Ts) in
the Dynamic-OSRN.
Sometimes, a worker Pj may need to complete several con-
struction activities causing different SRFs (F1,Fi, · · · ,Fn)
during the period of Tk. Under this situation, for worker Pj
in Tk, the worker’s activity causing the critical SRF with
the highest OSR-index is calculated as:

max
i
(OSRI jik) = max(InD j1k, InD j2k, · · · , InD jnk) (5)

i where n means the number of SRFs caused by the con-
struction activities completed by the worker Pj on Tk. For
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Figure 3: The directed graph of the Dynamic-OSRN and the risk index of W-SRF-Ts over time

example, taking the example in Figure 3), for P3 on T1, the
worker’s activity causing F1 has the highest OSR, not the
worker’s activity causing F2 since OSR-index of P3F1T1 is
4, which is more than the one of P3F2T1, at 2.

Case Study
Background of Case Study
The Yanmianqian tunnel, as the case project, is located in
the Hunan province, China. The tunnel was completed in
2016. It took 18 months to complete with a traditional
tunnelling technology. This case study can offer valuable
references since its external environment, design and con-
struction are typical in China, and even in other countries.

Risk Identification Results
Step1.a - Identification of SRFs: According to the of-
ficial risk assessment report of Yanmianqian tunnel, the
possible safety accidents include collapse, karst, water and
mud gushing, mountain cracking deformation and surface
subsidence. By manually analysing this official risk as-
sessment report, 49 SRFs are identified, summarised in
Table 1.

Step1.b - Identification of Workers: We further used
document analysis to analyse the relationships between
workers and SRFs for determining the workers set. The
documents analysed include the construction management
plan of the Yanmianqian tunnel project, the special plan of
geological prediction, the special plan of monitoring and
measurement, and the guideline on safety for tunnel con-
struction. We identified 53 types of workers, that can be
grouped into five categories, including: Senior managers,
project personnel from the third parts, site managers, con-
struction workers, and the virtual ones who are responsible
for the external environment (see Figure4). The analysis

also enabled us to form the relationships between 53 work-
ers and 49 SRFs, summarised in Table 1.

Step1.c - Identification of Occurrence Time: Accord-
ing to the CS, the Yanmianqian tunnel was to be completed
in 18 months, starting on October 1, 2014, and ending on
March 30, 2016. We divided the construction period into
18 months, and the times of occurrence of SRFs are sum-
marised in Table 1. Note that this project officially entered
the construction phase in February 2015 (T5), with the first
4 months being for planning. We consider it is meaning-
ful to focus our assessment from T5 since the construction
workers construction workers on the site are engaged in
the construction activities since stage T5. they need to
focus on their own OSR during the construction stage syn-
chronously.

Network Establishment Results
The resulting Static-SRF network was established through
the risk transmission chain analysis (See Figure 5).
The 1-mode W-SRF-T adjacency matrix is finally worked
out using the approach described in Step 2b and the result-
ing Dynamic-OSRN is shown in Figure 6.

Risk Analysis results
We mainly focus on 14 kinds of construction workers
whose construction activities cause SRFs that have the
potential for direct physical harm (see green box in Figure
4).
The in-degree centrality distribution as the OSR-Index of a
construction activity causing a SRF completed by workers
at a specific stage has a non-negligible disparity across
the project in the Dynamic-OSRN. For example, among
all construction activities of P46 (Blaster) in T5 , the CA
causing F27 is most affected by other W-SRF-Ts, rather than
the one causing F22 or F24. The P46F22T5, P46F24T5 and
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Table 1: The set of SRFs, the relationships between SRFs and workers, and the relationships between SRFs and CS
risk resources SRFs Workers CS

External
Construction
Environment

Geology
and Topography

F1 Topography and Geo-morphology; P1 T1 , T3 , T5 -T18
F2 Formation Lithology; P2 T1 , T3 , T5 -T18
F3 Geological Structure; P3 T1 , T3 , T5 -T18

F4 Unfavourable Geology; P4 T1 , T3 , T5 -T18
F5 Hydro-geology; P5 T1 , T3 , T5 -T18

Meteorological
Condition F6 Meteorological Condition; P6

T2 , T4 , T7 , T8 ,
T15 , T16

Internal
Construction

Activity

Geological
Prosecution

F7 Geological Information Collection and Check P33 T1 , T3 , T6 -T18
F8 Geological Prospecting in Practice; P33 , P42 , P52 T1 , T3 , T6 -T18

F9 Geological Prediction Report; P33 , P52 T1 , T3 , T6 -T18

Tunnel Feature

F10 Information Collection of Design; P22 T2
F11 Burial Depth; P22 T2

F12 Size of Cross-section; P22 T2
F13 Slope; P22 T2

F14 Service Gallery; P22 T2

Construction
Preparation

F15 Information Collection of Construction; P11 , P14 , P17 T4 , T11
F16 Excavation Method; P11 , P17 T4 , T12

F17 Blasting Method; P11 P17 T4
F18 Ventilation Measures; P11 , P17 T4
F19 Drainage Measures; P11 , P17 T4

F20 Support Design Method; P11 , P17 T4
F21 Practical Design of Construction Scheme P11 , P16 , P17 , P18 T4 , T16

Excavation
in Practice

F22 Excavation Speed or Excavation Footage P38 , P40 , P46 , P47 T5 -T15
F23 Gas Pre-drainage Error; P38 T5 -T13

F24 Blocking in Practice; P46 , P47 T5 -T15
F25 Discard Slag Stacking; P41 T5 -T15

F26 Groundwater Treatment; P35 , P38 T5 -T15
F27 Other Excavation in Practice

(Entering, Bottom Settling, Roofing);
P40 , P46 , P47 , P48 ,

P49
T5 -T15

Ventilation,
Coal and

Preventing Outburst

F28 Gas Pressure
Relief and Emission; P38 T7 -T18

F29 Ventilation in Practice P27 , P28 , P36 ,
P37 , P38 , P49

T7 -T18

Waterproof and
Drainage

F30 Grouting Water Plugging P27 , P28 , P36 , P37 ,
P39 , P41 , P49 , P50

T7 -T18

F31 Drainage and Precipitation P27 , P28 , P35 , P39 ,
P49 , P50

T7 -T18

Fire Source
Control

F32 Electricity Operation
in Practice; P27 , P28 , P36 , P37 ,P49 T7 -T18

F33 Dust Cleaning in Practice; P38 T7 -T18

Support and Lining
in Practice

F34 the Quality of Initial
Support Stiffness

P27 , P28 , P34 , P36 ,
P37 , P38 , P43 , P48 ,

P49 , P50

T5 -T15

F35 the Quality of Pre-Support;
P27 , P28 , P34 , P36 ,
P37 , P38 , P39 , P42 ,
P43 , P48 , P49 , P50

T6 -T17

F36 Effect of Pre-grouting; P27 , P28 , P34 , P36 ,
P37 ,P41 , P43 , P48 ,P50

T6 -T17

F37 Reinforcement and
Improvement of Formation;

P27 , P28 , P34 , P36 , P37 ,
P38 , P39 , P41 , P43 , P45 ,

P48 , P49 ,P50

T6 -T17

F38 Time of Construction of
Initial Support; P27 , P28 T6 -T17

F39 The Period of
Closure Civilisation P27 , P28 T6 -T17

Monitoring and
Measurement

F40 Information of the
Stability of Tunnel Face; P19 , P20 , P30 , P53 T5 , T18

F41 Specification Requires Monitoring; P20 , P33 , P53 T5 -T18
F42 Information of

Water Volume,Quality, Pressure; P20 , P33 , P52 , P53 T5 -T18

F43 Gas/dust (Concentration, Pressure); P20 , P52 , P53 T5 -T18

Construction
Management
in Practice

F44 Safety, Emergency or
Risk Management;

P7 , P11 , P12 , P18 ,
P24 , P25 , P28 , P29

T4 , T5 -T18

F45 Personnel Management; P7 , P8 , P11 , P12 ,
P13 , P18 , P29 , P31

T4 , T5 -T18

F46 Equipment Management; P10 , P16 , P19 , P21 , P26 ,
P30 , P32 , P44 , P45 , P51

T4 , T5 -T18

F47 Quality Control; P7 , P11 , P17 , P18 ,
P24 , P25 , P27 , P28 , P29

T4 , T5 -T18

F48 Supervision P23 T4 , T5 -T18

F49 Schedule Management; P7 , P8 , P9 , P10 , P11 ,
P14 , P15 , P17 , P24 , P29

T4 , T5 -T18

P46F27T5 are affected by 9,3 and 21 W-SRF-Ts respectively.
Therefore, the maximum OSR-index for P46 on T5 is the
construction activity causing F27 (See table2).

Table 3 shows the maximum OSR-index of the construc-

tion activity causing SRF for each construction worker at
different stages. Two phenomena are noteworthy for the
period from T5 to T18.

For each stage, the CA with the maximum OSR-Index is
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Figure 4: The set of workers

Table 2: The OSR index of the focal P46 -SRF-T5 in The Dynamic-OSRN
P46 -SRF-T5 the nodes which affect P46 -SRF-T5 OSR Index

P46F22T5 P11F16T4, P17F16T4, P38F22T5, P40F22T5, P47F22T5, P19F40T5, P20F40T5, P30F40T5, P53F40T5 9
P46F24T5 P11F17T4 , P17F17T4 , P47F24T5 3

P46F27T5
P2F2T1, P2F2T3, P2F2T5, P3F3T1, P3F3T3, P3F3T5, P4F4T1, P4F4T3, P4F4T5, P11F16T4,P17F16T4,

P46F24T5, P47F24T5, P40F27T5,P47F27T5, P48F27T5, P49F27T5, P19F40T5, P20F40T5, P30F40T5, P53F40T5
21

Figure 5: Static-SRF network. Black round nodes represent
SRFs.

different for each kind of construction worker. For ex-
ample, when entering the construction period (T5), the
construction activity causing F27 (Other Excavation in
Practice (Wrong Excavation, Entering, Bottom Settling,
Roofing)) is the highest OSR for P40 (Excavation Driver),
P46 (Blaster), P47 (Driller), P48 (Sprayed Concrete Worker)
and P49 (Steel Fixers). The P40F27T5, P46F27T5 , P47F27T5,
P48F27T5 and P49F27T5 receive 21 other W-SRF-Ts influ-
ence.

While the construction activity causing F23 (Gas Pre-
drainage Error) needs to be prioritised for P38 (Ordinary
Worker). P34 (Plumber) should pay attention to the con-
struction activity causing F26 (Groundwater treatment).
P41 (loader driver) should focus on the one causing F25
(Discard Slag Stacking).
For each construction worker, they need to pay particu-
lar attention to the various construction activity causing
the critical SRFs with the highest OSR at different stages.
In other words, they need to pay particular attention to
the construction activity causing the critical SRFs with
the highest OSR over time dynamically. For example,
P49 needs to complete several construction activities caus-
ing 8 SRFs, including F27 (Other Excavation in Practice),
F29 (Ventilation in Practice), F30 (Grouting Water Plug-
ging), F31 (Drainage and Precipitation), F32 ( Electricity
Operation in Practice), F34 (the quality of Initial Support
Stiffness), F35 (the quality of pre-Support), and F37 Rein-
forcement and Improvement of Formation) (See Table 1).
Table 3 clarifies that P49 should pay particular attention to
F27 during T5, F37 during T6, and F30 during T7.
It must be highlighted that the results have been reviewed
by project management experts, including two project
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Figure 6: The OSR-index of construction workers in different stages

Table 3: The maximum OSR index of the focal W-SRF-Ts in The Dynamic-OSRN
Stage P34 P35 P36 P37 P38 P39 P40 P41 P43 P46 P47 P48 P49 P50

T5
SRF - F26 - - F23 - F27 F25 - F27 F27 F27 F27 -

OSR Index - 13 - - 16 - 21 2 - 21 21 21 21 -

T6
SRF F37 F26 F37 F37 F37 F37 F27 F37 F37 F27 F27 F37 F37 F37

OSR Index 87 22 87 87 87 87 46 87 87 46 46 87 87 87

T7
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 134 106 145 145 134 145 71 145 134 71 71 134 145 145

T8
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 181 149 196 196 181 196 96 196 181 96 96 181 196 196

T9
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 228 192 247 247 228 247 121 247 228 121 121 228 247 247

T10
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 275 235 298 298 275 298 146 298 275 146 146 275 298 298

T11
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 322 278 349 349 322 349 171 349 322 171 171 322 349 349

T12
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 369 321 400 400 369 400 198 400 369 198 198 369 400 400

T13
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 416 364 451 451 416 451 223 451 416 223 223 416 451 451

T14
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 463 407 502 502 463 502 248 502 463 248 248 463 502 502

T15
SRF F37 F31 F30 F30 F37 F30 F27 F30 F37 F27 F27 F37 F30 F30

OSR Index 510 450 553 553 510 553 273 553 510 273 273 510 553 553

T16
SRF F37 F31 F30 F30 F37 F30 - F30 F37 - - F37 F30 F30

OSR Index 550 490 602 602 550 602 - 602 550 - - 550 602 602

T17
SRF F37 F31 F30 F30 F37 F30 - F30 F37 - - F37 F30 F30

OSR Index 590 530 651 651 590 651 - 651 590 - - 590 651 651

T18
SRF - F31 F30 F30 F29 F30 - F30 - - - - F30 F30

OSR Index - 557 681 681 162 681 - 681 - - - - 681 681

managers of the Yanmianqian tunnel project, who reported
that the main analysis is consistent with their experience.
These contribute to validating the proposed method.

Discussion
The developed approach integrating SNA and DSA en-
ables the project manager to evaluate construction workers
OSR-index for determining occupational injury prevention
priorities dynamically. This approach can be generalised
and applied to any construction project. All SRFs, work-
ers and the timing of SRFs are identified from official
construction documents of the given construction project.
The relationship among SRFs can be determined based

on the construction process, working procedure connec-
tion or related standards and specifications. This method
is clearer and more objective than many previous studies
based on questionnaires and interviews (e.g. Lenzner et al.
(2010)).

Another benefit of the proposed method is that it brings to
light risk transmission chains, and that risk events linked to
a given task are not just the result of improper behaviour of
workers directly involved in that task, but by SRFs resulting
transmitted from other activities, that often occurred long
before that task.

Finally, this assessment model can help each worker accu-
rately predict the OSR for their own construction activities
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and how it evolves at each stage. This should help them
better judge and mitigate those OSRs.

Conclusions
Effectively understanding the risk transmissions among the
construction activities causing various SRFs completed by
different workers is a barrier to effective OSR assessment
for project managers to adequately risk mitigation strate-
gies. The framework proposed here establishes the rela-
tionships between workers and SRFs, the timing of SRFs,
and the relationships among SRFs. A dynamic evaluation
model based on the Dynamic-OSRN helps determine the
construction activities completed by workers with the high-
est OSR-index over time (from the analysis of in-degree
centrality distribution). The Yanmianqian project is used
as an example to illustrate the work-ability of this proposed
model. Directions for further studies include risk vector in
the applications of risk transmission and risk relationships
among construction workers.
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Abstract
Digital Twinning is an emerging technology in AEC/FM
for the efficient operation of the built environment where
data is often isolated in BIM, Building Automation Sys-
tems (BAS) and documental databases. This paper pro-
poses a method based on federated data models and on-
tologies to standardise the integration of construction data
(IFC), BAS (Brick Schema), and IoT using data lake ar-
chitectures while keeping the delegation of responsibilities
of data owners. A case study in the Alan Reece building
demonstrates the approach by enabling Fault-Detection-
and-Diagnosis of the HVAC system for facility manage-
ment. Integration of all built environment data is crucial
for efficient operation.

Introduction
Efficient building operation is one of the main challenges
in the Architecture, Engineering, Construction and Facil-
ity Management (AEC/FM) sectors nowadays. Net-zero
carbon objectives force restrictive goals and constraints for
the efficient use of energy in the built environment (Kazmi
et al. 2014, Ufuk Gökçe & Umut Gökçe 2014). Tradition-
ally, building operations are characterised by independent
systems functions with the focus on the effective run of
equipment. Even that huge improvements in the efficient
use of energy have been identified, most focus in individual
systems performance by single-point or distributed moni-
toring (Kazmi et al. 2014). Other authors have addressed
the lack of communication between the operations of the
different systems of a building, but the full potential re-
mains to be seen (Ufuk Gökçe & Umut Gökçe 2014, Dong
et al. 2014, Oti et al. 2016). Digital twin technologies are
rising as the facilitators of integrated building operations
in AEC/FM throughout the life-cycle of buildings, partic-
ularly during the operation and maintenance (O&M) phase
(Dong et al. 2014).
Digital twins represent the natural convergence of emerg-
ing technologies in the AEC/FM industry. Building In-
formation Modelling (BIM) changed the way built en-
vironment information is created, stored and exchanged
between involved stakeholders (Howell & Rezgui 2018).
The Industry Foundation Classes (IFC) brought methods
for construction data sharing which are being adopted
industry-wide (Autodesk Inc. 2021, Perttula & Suchocki
2020, Building Smart Int. 2022, ISO 2015). Both industry
and academia have started considering the representation
of assets and systems in the built environment as part of
BIM (Dave et al. 2018, Tomasevic et al. 2015). For in-
stance, Brick Schema, Haystack, and Building Topology
Ontology provide standardised representation of the phys-

ical, logical, and virtual assets in buildings and the rela-
tionships between them (Balaji et al. 2016, Haystack 2021,
Rasmussen et al. 2021). Recently, digital technologies like
the Internet of Things (IoT) and Artificial Intelligence (AI)
are pushing BIM towards adjacent research areas through-
out the entire built environment life-cycle, at building,
infrastructure and city levels (Boje et al. 2020, Sotres et al.
2017).
The main challenge in the development of a digital twin
for a built environment is the natural segregation of data
storage(Hu et al. 2016). Data is modelled to meet inde-
pendent systems requirements (e.g., building management
system, asset management system, occupancy, design and
construction data, etc.) rather than as part of the overar-
ching built environment entity (Corry et al. 2015). Fur-
thermore, systems and buildings components information
is often outdated, incomplete, and inaccurate when ex-
changed along the assets’ life cycles (e.g., from design and
construction to operations and management) (O’Donnell
et al. 2013). Data integration and management become
crucial for digital twinning of the built environment.
Data Lakes architectures are considered as a comprehen-
sive approach for data management in distributed informa-
tion systems (Kumar et al. 2018). Data transformations are
conducted in data pipelines in lake architectures, which are
processes to prepare, clean, and give access to data consid-
ering the individual information requirements of the data
consumers and applications. Numerous digital twins have
successfully been implemented as data lakes in the litera-
ture, but they can quickly turn into data swamps without
appropriate management (Raj & Surianarayanan 2020).
Extract, Transform and Load (ETL/ELT) has been present
in industrial systems for decades, however, data transfor-
mations in the AEC context cannot be achieved effortlessly
(Adnan & Akbar 2019, Hu et al. 2016). The completeness
and accuracy of the geometries and semantics are com-
mon issues in the ETL process for construction data (Sani
& Rahman 2018). The need for data fidelity (i.e., preserv-
ing raw data to avoid information loss) creates multiple
versions of data, which induces a high risk of data in-
consistency in data lakes (Sawadogo & Darmont 2021).
On-demand schema mapping on large variety of sources
in a data lake is also an arduous effort while integrating
data in the pipelines (Nargesian et al. 2019).
Semantic web approaches drive data integration while
achieving broad classification and description of built en-
vironment entities (Pauwels et al. 2017, Corry et al. 2015).
Ontologies like ifcOWL or Brick Schema have standard-
ise the way in which construction and systems data is
modelled, but neither incorporate all the intricacies and
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complexities of buildings. Still, the effort of creating an
ontology that accommodates all domains (e.g., BIM, BAS,
...) becomes unmanageable when new domain data is in-
corporated in the data lake. These ontologies are extended
and extended until they become hard to understand (Zhe
et al. 2006). The data pipelines that integrate data based
on these ontologies need re-engineering when those exten-
sions and changes happen. Federated data models promote
the domain-specific independence of data sources while
finding appropriate links between ontologies to standard-
ise integration of data (O’Donnell et al. 2013, Gerrish et al.
2017).
This paper proposes a method based on federated data
models to integrate construction and system information
based on data pipelines. A data lake architecture is used
to manage the flow of information from the original data
sources to the OM&R applications and data users. The
technical aspects and methods for the integration of data
in a digital twin in the built environment are the main focus
of the paper. Techniques are demonstrated in a case study
conducted on the digital twin of the Alan Reece building
of the University of Cambridge. The case study demon-
strates the integration of construction data, systems and
asset information, and sensor readings for a fault detection
and diagnose (FDD) application of the building Heating,
Cooling and Air Conditioning (HVAC) system.

Methodology
The method presented in this section assumes that data is
structured using federated data models, and stored in inde-
pendent data repositories. The data lake architecture and
data sources are part of the Digital Twin data platform and
the processes for integration are driven by data pipelines.

Digital twin data platform
The digital twin for the built environment platform is com-
posed of a number of data services for data ingestion, man-
agement and access, shaping the architecture of a data lake.
This type of architectures enables data ingestion from di-
verse sources using independent Extract, Transform, Load
(ETL/ELT) processes.
The architecture proposed in (Brazauskas et al. 2021),
called Adaptive City Platform (ACP), was implemented to
ingest and manage data from multiple real-time sources
(see figure 1), including IoT sensors (e.g., LoRaWan,
radio-frequency, WiFi) and a building management sys-
tem that governs the mechanical, electricity and plumbing
systems of the target building. The ACP is engineered
towards minimising the end-to-end latency for real-time
data, averaging a few milliseconds between a data entry
(i.e., when it is ingested) and exit (i.e., when it is available
for use). This is particularly important in the built environ-
ment to visualise the real state of assets and spaces and for
the early identification of potential problems in Operation
Maintenance and Repair (OM&R) (Boje et al. 2020).
Other data sources may coexist in the data lake, but they are
not necessarily ingested through the ACP. Reference data

of the built environment consists of static floor plans, maps
and/or 3D models (e.g., CAD model) of the building struc-
tures; blueprints of mechanical, electrical, and plumbing
systems (e.g., HVAC system), or other representations of
their functional dependencies like the BrickSchema; and
asset catalogs to record all the built assets. Transactional
data refers to semi-static information about status of assets,
maintenance work orders, such as the inspection condition
and date of assets. All data (real-time and static) is stored
in its raw format as it converges to the data lake (i.e.,
ELT). Data lakes architectures facilitate the ingestion of
high-variety data as well as high and low velocity data.
Many data lakes use a standardised but flexible data model
to structure data across different sources, and engineer it
for integration. This is particularly effective for metadata
since it often comes in proprietary or open formats that are
designed for visualisation/inference rather than fast query-
ing. The ACP suggests a data modelling strategy governed
by crates (Brazauskas et al. 2021) to model building infor-
mation. A crate is an entity (e.g., a sensor, an equipment,
a space) with its own attributes plus zero or more parents
(see figure 2). Parents are referenced in the crate approach
rather than been nested. Thus, crates form a hierarchical
structure, but every crate is uniquely identified through an
indexed key for quick access. This is particularly effec-
tive to represent the topologies and functional hierarchies
of buildings, their systems as well as sensor data. Docu-
mental databases are chosen to hold the crate model, and
JavaScript Object Notation (JSON) format is used in the
ACP. Listing 1 shows an example of the crate model for
sensor data. Transformed data into the crate model is also
stored in the ACP through a message filer that collects data
into a day-level for every sensor (i.e., ELTL). Raw data is
kept for traceability and repeatability.

Listing 1: Crates model example for sensor data
1 "sensor-temperature -123456": {
2 "acp_id": "sensor-temperature -123456",
3 "type": "sensor",
4 "features": ["temperature"],
5 "parents": [ { "parent_id": "ifm-space-01",
6 "parent_type": "space"} ] },
7 "sensor-vibration -789012": {
8 "acp_id": "sensor-vibration -789012",
9 "type": "sensor",

10 "features": ["x", "y", "z"],
11 "parents": [{ "parent_id": "ifm-pump-01",
12 "parent_type": "equipment" } ] }

The ACP enables access to data in real-time both through
HTTP POST to the desired http destination URL, and by
accepting data subscriptions through websockets (see fig-
ure 1). Access to other sources of data needs to be enabled
by APIs. In both cases, data is engineered through data
pipelines in a data lake.

Data Pipelines
A data pipeline is a piece of software that sits between
the data lake sources and the data consumers to extract,
transform, and integrate available data on demand. Data

Page 200 of 605



Figure 1: Adaptive City Platform (ACP) (Brazauskas et al. 2021)

Figure 2: Adaptive City Platform (ACP) crates data model
(Brazauskas et al. 2021)

consumers/applications identify information requirements
to run (e.g., required data points, input format, pace, etc.)
which is fulfilled by data pipelines. A data pipeline can be
reused by different applications and different data pipelines
can be combined to serve a new application if required (see
figure 3).
Sensor data needs of the static sources to add contextual
information (e.g., sensor location, built environment sub-
system, etc.) before applications make use of it. Without
the context, sensor data lacks meaning since the data they
generate is a measure of a feature or an event that belongs
to other entities. For instance, an IoT sensor produces
temperature readings, but that temperature is the property
of an space. Similarly, a vibration sensor in the Building
Management System produces vibration frequencies in the
X, Y, Z to represent the movement of a pump in the HVAC
system.
The creation of data pipelines starts with the identification
of information requirements (Pishdad-Bozorgi et al. 2018).
It is essential to understand what data the data consumers
and applications use, how often and what format it is re-
quired (Kang & Choi 2015, Becerik-Gerber et al. 2012).
Sometimes, existing pipelines can be reused adding a new

layer of data transformation (e.g., if a different format is
needed) or integration (e.g., if additional data needs to be
combined). If no existing pipeline can provide it, then a
new one must be designed from scratch. In such case,
it is also necessary to identify the sources of data in the
lake for the data pipeline to extract, transform and com-
bine data. Ultimately, the data access is made available by
data pipeline through an API in the format and pace re-
quired. In this research, authentication is not considered.
Figure 3 visualises how information requirements become
the inputs and the API becomes the output of data in a data
pipeline. This process is also known as data engineering.

Figure 3: Data pipeline design: Inputs and outputs

Ontologies are widely used to drive the integration of di-
verse sources (Corry et al. 2015, Hu et al. 2016). Even that
the ACP data strategy is used to govern the flow of real-
time data, there are two ontologies that help understanding
sensor data in the built environment: the ISO 12006 (ISO
2015) (Industry Foundation Classes - IFC data model) and
Brick Schema.
IFC is a standard building data model widely used for inter-
operability between built environment design applications
and systems. Model View Definitions (MVD) improve
the data exchange between BIM and Building Automation
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Systems. As an example, some of the Building Automa-
tion and Control Networks (BACnet) assets are modelled
as instances in IFC (Tang et al. 2020) to enable better vi-
sualisation of the automated systems (e.g. HVAC room
diffusers). IFC excels on 3D modelling (i.e., drawing all
the structures and components with a lot of detail), and
thus it has a complex representation the topologies and the
architectural hierarchies, which can be inferred by travers-
ing the IFC elements and relationships. (Moretti et al.
2020) shows how IFC meta-information about hierarchy
and topology of the built environment can be extracted.
An IFC2ACP data pipeline was developed to read the IFC
files and infer the topologies and architectural hierarchies
using the IFCOpenShell python API (IfcOpenShell 2021).
Then it transforms that information into the ACP crates
model and store it in memory in a JSON object to enable
indexed access to all the elements.

Listing 2: Example of the ACP representation of an IFCSpace
1 "103": {
2 "crate_id": "103",
3 "crate_type": "space",
4 "acp_ts": 1629813271.922424,
5 "acp_localtime": "2021-08-24T14:54:31.9224",
6 "ifc_id": "0UIH5Blo19ohldZ0jJVrWM",
7 "ifc_type": "IfcSpace",
8 "parent_crate_id": "GF-basement",
9 "ifc_geometry": {

10 "ifc_geometry_type": "IfcExtrudedAreaSolid",
11 "ifc_location": [71474.9958300488,29669.3674

420791,-150.0],
12 "ifc_depth": 2375.0,
13 "ifc_sweptarea": {
14 "type": "IfcArbitraryClosedProfileDef",
15 "points": [
16 [-2099.99980792596,-1137.49952716191],
17 ...,
18 [-2099.99980792596,-1137.49952716191]]
19 }
20 }
21 }

Brick Schema facilitates the comprehensibility of the func-
tional hierarchies of the systems in a built environment
from a human perspective. The design of Brick ontol-
ogy mainly focused on defining the physical, logical, and
virtual building assets with the emphasis on building op-
erations, such as equipment or sensors in lighting, sub-
metering, and HVAC systems (Balaji et al. 2016). Leverag-
ing its strong expressability of building system hierarchies,
the Brick Schema has been adopted in real cases like (Xie
et al. 2021) to represent building metering system hierar-
chies, and to connect sub-metering readings with spatial
characteristics for fine-grained energy analysis. However,
Brick Schema models are networks that contain many cy-
cles to determine connections between entities. Travers-
ing these cyclical networks in real-time can be costly in
latency. (Xie et al. 2021) shows how Brick Schema meta-
information on the systems in the built environment can
be transformed into the ACP crates data model for real-
time applications. The Brick Schema files (i.e., turtle or
TTL) are read in the Brick2ACP data pipeline using the py-

brickschema python API (Brick Ontology Python package
2021), and transformed into the ACP crates data model to
avoid that increase in latency. The ACP crates version of
the Brick Schema meta-information is stored in JSON in
memory for quick access.

Listing 3: Example of the ACP representation of a BrickSchema
location

1 "103": {
2 "location_name": "http://ifm.cam.ac.uk/

demo_building#103",
3 "type": "https://brickschema.org/schema/Brick#

Room",
4 "number_of_points": 0,
5 "number_of_equipment": 0,
6 "parents": [{
7 "parent_id": "http://ifm.cam.ac.uk/

demo_building#Floor_1",
8 "type": "https://brickschema.org/schema/

Brick#isPartOf",
9 "parent_type": "location"

10 },{
11 "parent_id": "http://ifm.cam.ac.uk/

demo_building#Zone_103",
12 "type": "https://brickschema.org/schema/

Brick#isPartOf",
13 "parent_type": "location"
14 },{
15 "parent_id": "http://ifm.cam.ac.uk/

demo_building#LZone",
16 "type": "https://brickschema.org/schema/

Brick#isPartOf",
17 "parent_type": "location"
18 }]
19 }

The lingering question is how to integrate both ontologies
since some applications may need to make use of meta-
data from both IFC and Brick Schema. Luckily, there is no
need to create a meta-ontology to combine IFC and Brick
Schema since they both handle the concept of a Space (in
IFC) or Location (in BrickSchema) and Sensors (in IFC)
or Points (in Brick Schema) which can be used as a nexus
for the integration. A IFCxBrick data pipeline was im-
plemented to integrate the tailored ACP versions IFC and
Brick Schema data based on the common elements found
in both ontologies. Transparent access to integrated data is
enabled through an API. The API allows data consumers
to access all elements in the building. It is also possi-
ble to query the elements inside the known element (i.e.,
children; e.g., all the sensors in a location) as well as the
elements to which the known elements belongs to (i.e., the
parents; e.g., the location of an asset/equipment).

Listing 4: Example of the integration of IFC and Brickschema
through the ACP data model

1 "103": {
2 "acp_id": "103",
3 "crate_type": "space",
4 "crate_id": "103",
5 "ifc": {
6 "crate_id": "103",
7 "crate_type": "space",
8 "parent_crate_id": "GF-basement",
9 ... see IFC listing ...,

10 },
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11 "brick": {
12 "location_name": "http://ifm.cam.ac.uk/

demo_building#103",
13 "type": "https://brickschema.org/schema/

Brick#Room",
14 ... see BRICK Schema listing ...
15 }
16 }

With all three parts of the puzzle available and indexed,
any application can open a websocket client connected to
the ACP platform to subscribe to sensor data in real-time
(see figure 4) and request contextual metadata from the
IFCxBrick API.

Figure 4: Data pipelines: ifc2acp, brick2acp and ifcxbrick, and
the real-time connection with websockets

Whereas semantic web approaches like centralised triple
stores focus on data exploration, this approach is tweaked
towards real-time data reporting. Provided APIs can also
be used for exploration, but they are not specifically de-
signed for data discovery. Linked Building Data ap-
proaches like the BOT ontology (Rasmussen et al. 2021)
could also be adopted as additional federated models.

Case Study: Institute for Manufacturing
This approach has its practical application in the digital
twin pilot of Alan Reece building at the West Cambridge
site. The Alan Reece building is a 3-storey building and
stands over a 3800-square-meter comprehensive area, in-
cluding spaces for teaching, office, research, laboratory,
canteen, etc. Figure 5 shows the 3D model of the Alan
Reece building. The digital twin is geared to support
building operations and asset management. Among the
applications enabled by the digital twin, this paper focuses
on fault detection and diagnosis functionality for building
HVAC systems. Some of the spaces in the Alan Reece
building are conditioned with Variable Refrigerant Flow
(VRF) system, connecting to multi-zone indoor air con-
ditioning units in a multi-split manner. Functionally, the
VRF and indoor units provide heating and cooling the
building, serving multiple seminar rooms and lecture the-
atres.
The practical setting for this case study is an HVAC zone
comprising two seminar rooms where an automated FDD

Figure 5: 3D Model of the Alan Reece building

application identifies anomalies in the comfort temperature
of the spaces (see figure 6) using real-time analytics based
on sensor and contextual data (i.e., IFC and BrickSchema).
The air conditioning system of the seminar rooms is pic-
tured in figure 7, and it is composed of an VRF that feeds
the indoor units connected to the seminar rooms in the
target HVAC zone. This application make use of temper-
ature, humidity and dew-point, open-closed (for windows
and doors) data from IoT sensors in the seminar rooms,
plus operational data of the HVAC system from the BMS.
Figure 7 shows the sensors (or points) in the BMS moni-
tored by this application.

Figure 6: 3D model of the Seminar Rooms 2 and 3

Figure 7: BrickSchema model of the HVAC system feeding
Seminar Rooms 2 and 3

For simplicity, this case study targets the Zone Tempera-
ture Malfunction fault (see figure 7). This fault refers to
anomalies found on the comfort temperature of the sem-
inar rooms’ HVAC zone. If the temperature monitored
by the IoT sensor exceeds the comfort interval, the FDD
triggers an investigation using available data. First of all,
it checks the status of the windows and doors of the space,
and the HVAC Zone temperature. If there is an anomaly,
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it is necessary to diagnose the sources, including poten-
tial impact to critical assets further up in the hierarchy of
the HVAC system. Thus, operational status of the indoor
units feeding the seminar rooms and the VRF needs to be
checked accessing the BMS.
The information required for the FDD application consist
of the real-time from the IoT sensors and BMS sensing
points, the relationships between faults, assets and spaces
in the HVAC from BrickSchema, and the topology of the
rooms from IFC. Real-time data is ingested and managed
by the Adaptive City Platform (ACP) which runs in a cus-
tom server. Reference data (i.e., IFC and Brick Schema
models) is also stored in the same custom server in its orig-
inal format. The IFC2ACP, Brick2ACP, and IFCxBrick
data pipelines are responsible for the integration and on-
line APIs are made available for all three data pipelines.
The ACP enables real-time data requests and subscription
through websockets.
Figure 8 shows the usage of the IFCxBrick data pipeline
to discover and diagnose the zone temperature malfunc-
tion fault. The FDD application monitors the sensors
related to the zone temperature malfunction fault. The
sequence starts with the FDD application querying the
function getAllSensors indicating the fault identificator.
The function will return the list of sensors related to this
fault. Subsequently, the FDD application can subscribe
to the real-time data of the sensor list. Then, on every
message that arrives to the FDD the following steps may
be triggered:

1. The FDD application needs to know the type of sensor
that the message is coming from. The type of sensor is
in the body of the message coming from the ACP, but
it can also be queried with the function getAllSensors
of the IFCxBrick indicating the sensor id. In this
example, we assume it is an IoT sensor which are
located only in spaces and never in equipment in the
Alan Reece Building.

2. The FDD application queries the function
getAllSpaces of the IFCxBrick API with the sensor
id to know what space (i.e., seminar room 2) that IoT
sensor belongs to (i.e., its parent). If the temperature
of the seminar 2 exceeds the comfort interval, the
investigation is triggered.

3. The FDD application will check other sensors in that
space by querying the function getAllSensors of the
IFCxBrick API with the list of spaces returned in the
previous step. It also requests the last readings from
the ACP through the websocket.

4. A crosscheck including the original reading and the
new sensor readings is performed to identify the
source of the problem. All the sensors reporting a
problem in the crosscheck must be investigated. The
functions getAllEquipment and getAllSpaces from
the IFCxBrick API can be queried again to know more
about the HVAC system functional relationships (e.g.,

what HVAC Zone the space belongs to, what indoor
unit feeds the HVAC Zone, which VRF feeds the cor-
responding indoor units, etc.; see figure 7), as well as
the topology and the hierarchy of the building (e.g.,
what sensors are in a space, or an equipment, what
spaces belong to other spaces, etc.; see figure 6).

5. Similarly to step 3, the last sensor readings of the
spaces and equipment that are subject to further in-
vestigation can be requested to the ACP. The last two
steps are repeated until the source of the fault is iden-
tified.

Figure 8: Sequence diagram to show the usage of the IFCxBrick
API and the ACP websockets in an FDD application

The faults discovered by the FDD and the diagnosis can
be reported through the required methods to assist facility
management. In this case, the FDD reports via email to
the facility manager, and the faults are visualised in the 3D
model of the building by flashing the affected assets and
spaces. This 3D model is hosted in a virtual environment
in the university network.
Important lessons were learned during this case study.
BAS in buildings are managed by different roles and even
departments, and serviced by different companies, reduc-
ing data availability. In most cases data is only available
as spreadsheets or documents that require pre-processing
(e.g., asset maintenance records, hand-over documents of
buildings). Information changes are not often documented
and original documents are still used as reference instead,
affecting data accuracy and timeliness. It is easier to get
a one-time dump of the information, but not on-demand.
Even when on-demand access is enabled, the technical as-
pects of data engineering appear. The high-variety of BAS,
the manifold applications and users requirements make the
design of pipelines an ordeal. Further, the duplication of
pipelines is likely if there is not appropriate planning (e.g.,
shared features identified). Federated data models helped
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to manage this complexity enabling the design of tailored
models in the development of manageable data pipelines.

Conclusions
AECO industry is steering in the direction of the digitali-
sation of buildings from the design and construction phase
to ensure efficient building operations. Digital twins are
seen as enabler for smart buildings operations, but they can
only achieve their full potential when all available sources
of data are integrated.
In this sense, one of the biggest challenges is to enable on-
demand access to Building Automation Systems (BAS)
which ownership and management is often shared. Ob-
taining real on-demand data becomes an arduous cyclical
process of requesting more and more access grants, since
managers are not always willing to facilitate it as the main
responsible of the data. Senior asset managers must be-
come facilitators in the development of the Digital Twin
(Gerrish et al. 2017). The technical challenges of data en-
gineering explode with high-variety data and uses, which
may cause duplication of pipelines without adequate plan-
ning.
This paper demonstrate how to integrate the functional
relationships of building systems, the topology, and the
architectural hierarchy of buildings and real-time infor-
mation to enable dynamic asset management applications.
Data lake architectures unlocks the data sitting in silos,
while the use of federated data models helps with the del-
egation of data responsibilities. The data pipeline design
method presented illustrates how to elicit information re-
quirements of asset management applications in order to
identify original data sources and data transformations and
combinations to meet them. The low-latency ACP crates
data model is combined with IFC and Brick Schema to cre-
ate a tailored data model for the pipelines to enable data
access in real-time in the case study. It evidences how this
integration methods can aid not only condition monitoring
and prognosis, but also enhanced visualisation to promote
facility management.
The insights and reports provided by the applications can
serve as new sources of information, but it is necessary to
understand how to re-purpose them to enable new analysis
and insights. Federated data models may need to be ex-
tended to accommodate newly created asset management
knowledge. Whereas data lakes support the design of dig-
ital twins for the built environment, data access to original
sources will remain as a big challenge because of the chain
of responsibility of data. Implementation of DTs in early
stages of buildings life-cycle can help eliminate this bur-
den, and can become the first step towards servitisation in
operations.
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Abstract 

To digitally preserve and make historically significant 

buildings accessible, virtual museum tours and other 

customised applications are currently being developed at 

the great expense of time. This paper proposes a simple 

and handy workflow that makes it possible to 

automatically enrich any 3D model with freely available 

metadata about the site. Within the game engine Unity, an 

API searches internet database entries based on the 

coordinates of the cultural site. The search results (various 

media types) are reflected in the 3D model. Using 

Extended Reality, such an HBIM model can quickly be 

made available to the public. 

Introduction 

The historical heritage of humanity is at constant risk of 

damage or destruction from natural disasters and armed 

conflicts. The recent destruction of the ancient site of 

Palmyra, Syria by the Islamic State showed that the 

physical preservation of such sites cannot be taken for 

granted. To digitally preserve and make accessible 

historically significant buildings, virtual museum tours 

and other customised applications are currently being 

developed at the great expense of time. Furthermore, there 

is no standardised workflow; rather, a different procedure 

is chosen for each building. 

In this paper, we first give an overview of the fields of 

action in HBIM with particular regard to the desired level 

of detail and the participation of the public, which has 

become more of a focus in recent years. This is followed 

by a summary of the general steps in creating an HBIM 

model. In the following analysis, metadata management 

is highlighted as a process that has hardly been 

standardised so far. This is due to the heterogeneity of all 

possible buildings considered for HBIM and the 

individual availability and type of metadata such as texts, 

photos, or videos in each case. Therefore, this paper 

focuses on automated metadata management.  

We propose a workflow in which metadata does not have 

to be entered manually in a time-consuming way. Instead, 

public internet databases are automatically searched for 

building-related information using an application 

programming interface (API) and the known coordinates 

of a building. For this purpose, we suggest the API of 

OpenStreetMap as well as the Google Places API. A call 

is most likely possible from a game engine (the workflow 

is based on Unity) and the found data can then be attached 

to the 3D model. This workflow makes it possible to 

involve the general public in creating an HBIM model and 

to relieve experts, which means that more buildings can 

be digitised in total. In this paper, we limit the extent to 

the outer sides of buildings (the building itself), but it can 

be extended to the inside as well. Due to the use of a game 

engine, processing an HBIM model using Extended 

Reality (XR) is uncomplicated. We illustrate the 

functionality of the API using the example of the 

Einhardsbasilika in Michelstadt, Germany, a Carolingian 

church building from the 9th century. In the conclusion, 

we summarise the advantages and disadvantages of the 

proposed workflow. 

Why HBIM? 

The term Heritage Building Information Modelling 

(HBIM) emerged in the 2000s as a distinction from 

Building Information Modelling (BIM), when BIM 

evolved from Computer-aided Design (CAD) (Counsell 

& Arayici 2017). Occasionally, the ‘H’ of HBIM is 

understood as an acronym for ‘Historic’ (see (Murphy et 

al. 2009)). 

Counsell & Arayici (2017) describe the fundamental 

stages of development in the early days of HBIM. 

Initially, only wireframe representations were possible. In 

1995, the first significant use of Virtual Reality (VR) 

takes place for the reconstruction of the Lascaux caves. 

Based on the UNESCO conferences in the early 2000s 

(e.g. ‘Heritage Management Mapping, GIS and 

Multimedia’ in 2002), it becomes clear on the one hand 

how much HBIM was derived from geographic 

information systems (GIS). 

On the other hand, the ‘Charter for the Preservation of 

Digital Heritage’ adopted in 2003 pushes the integration 

of external media (texts, databases, videos, audios, 

software, ‘Web 2.0’). In 2012, UNESCO renewed this 

approach with the idea of creating a 3D reference system 

for all kinds of cultural sites through HBIM, which would 

allow filtering and analysis of information (Counsell & 

Arayici 2017). Littlefield (2017) considers the relevance 

of these external media types to be the biggest difference 

between HBIM and BIM. Furthermore, HBIM’s claim is 

to also make the non-existent, implicit (knowledge) 
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visible and to create space for different meanings and 

interpretations. 

Referencing building-related and not directly building 

related data in an HBIM model is a challenge. Littlefield 

(2017) mentions cross-referencing between a building in 

the form of point clouds and other site surveys, 

remembrance projects (e.g. the spoken word) and 

supplementary archive material as a possible example. In 

terms of the best possible preservation and adequate 

representation of the cultural heritage, such a far-reaching 

approach would be desirable, but technically difficult to 

implement. 

Edwards (2017) provides a pragmatic argument for the 

increased use of HBIM. It points to the supportive role of 

HBIM for traditional heritage conservation, according to 

which in the United Kingdom barely 800 people with 

heritage expertise are entrusted with the management of 

nearly 600,000 legally protected listed buildings. In 

summary, there is great potential for the automation of 

heritage management while maintaining quality and 

authenticity. 

Depth of detail in HBIM 

Counsell & Taylor (2017) emphasise that understanding a 

model as a simplification of reality is a central issue in 

HBIM. Analysis, filtering, and sorting out of information 

takes place in all work steps to create an HBIM model, 

which is why the later use of an HBIM model must be 

kept in mind early on. Hichri et al. (2013) point out that 

historic buildings, in contrast to modern buildings, consist 

of irregularly shaped components that can hardly be 

derived from a predefined component catalogue as in 

BIM. This procedure, which is widespread in BIM, can at 

most be applied at the level of spatial and urban planning 

in HBIM, since here the geometrically correct shape of 

buildings is not the main focus and their cubature can be 

represented in a simplified way. Adding semantic 

information using labels or the geometric modelling of 

individual components using Non-Uniform Rational B-

Splines (NURBS) can be alternative solutions (see Banfi 

(2020)). 

An HBIM model does not always focus on visual 

representation. In a large-scale context, geo-referencing is 

sufficient, whereby information is not linked to individual 

components but to coherent parts of a structure (Counsell 

& Taylor 2017). 

Participation of the public 

Participation plays an important role in HBIM (in contrast 

to BIM, as noted by Counsell & Taylor (2017)). Those 

responsible for the reconstruction and (digital) archiving 

of cultural heritage are experts, but the target group in the 

broadest sense is the general public. This results in a 

communication flow that demands more participation and 

inclusion than, for example, a BIM project work with a 

defined start and endpoint. Counsell & Taylor (2017) 

highlight participation using the example of online 

mapping services, where geo-referenced information can 

be entered by anyone. In this way, non-experts become 

knowledge distributors, though there is always the 

question of the validity of the contributed information. 

Although the information would predominantly refer to 

2D, because of low-cost technologies (such as 

smartphones with integrated sensors, cardboard VR and 

augmented reality (AR)) it is only a question of time until 

three-dimensionality comes into focus. Corresponding 

tools such as Street Views from Google could pave the 

way for a new level of active public involvement in 

HBIM. Dewidar (2017) calls this involvement of 

nonexperts such as local communities and other 

volunteers ‘participatory sensing’ and emphasises the role 

of social media platforms for coordination and 

communication. 

HBIM modelling 

The individual steps of modelling an HBIM model are not 

standardised. Rather, they are subject to the respective 

requirements of a cultural heritage and further project 

related boundary conditions such as the project scope, 

financial possibilities and expertise. Banfi (2020), as an 

example, distinguishes between four phases: 

1. Data collection 

2. Scan-to-BIM process 

3. Information mapping 

4. Information sharing 

Pocobelli et al. (2018) compare similar phases for 

modelling heritage buildings with BIM processes and 

identifies discrepancies between the standardised BIM 

process and various approaches in HBIM that are adapted 

to the respective use case. 

With progressive digitisation, certain developments can 

be observed in all phases. While analogue maps and 

photographs used to play an important role in data 

collection, CAD-generated plans and supplementary 

media types such as audio and video files now play an 

important role. In the area of data collection, the recording 

techniques have changed. In addition to the classic 

terrestrial laser and photogrammetry, drones are 

increasingly being used, which can record the entire 

cubature of a building within a short time with extreme 

precision. The intersection to the step of information 

mapping is represented by the conversion of the recorded 

point clouds into a 3D model using suitable software such 

as Autodesk ReCap, Metashape, Pix4D, or Faro Scene. 

There are modelling techniques concerning grades of 

generation (GOG) and grades of accuracy (GOA) for 

detail accuracy, as they are also known from BIM with the 

levels of detail (LOD) (Pocobelli et al. 2018). For the 

conversion to a 3D model, it must be considered whether 

this is primarily used as a whole for visualisation or must 

be subdivided granularly into its components. In the 

transition to the last phase, information sharing, the 

question arises about the storage and retrieval of 

metadata, i.e. all data associated with a heritage. Concepts 

of persistent storage often reach their technical limits (see 

Banfi et al. (2019)), but are often aspired to, as this allows 
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information to be specifically linked to individual 

building components. This contrasts with approaches to 

outsource metadata to external databases and retrieve it in 

a targeted manner. Information sharing itself has changed 

considerably with the development of the internet, freely 

accessible knowledge databases and the spread of VR and 

AR. This means that HBIM models can theoretically be 

made available to an unlimited number of users, with 

varying degrees of interaction or input, and for a wide 

range of devices. 

Analysis 

It becomes apparent that the path to an HBIM model is 

not a uniform process. The mentioned works of other 

authors differ from each other in their approach, 

especially in the area of the software and interfaces used. 

This is due to the respective use case, the desired level of 

detail and the hardware, software, and programming skills 

available at all. It can be stated that the early phases of 

model creation, starting with data acquisition through 

terrestrial laser scanning, photogrammetry, or aerial 

photography, is well researched (see Pocobelli et al. 

(2018)). This also applies to the field of data processing, 

i.e. the conversion of point clouds to a 3D model (see 

Hichri et al. (2013) and Brumana et al. (2019)). There is 

most need for research in the later phases, i.e. in the 

enrichment of a building model with metadata, its 

visualisation, and the inclusion of heterogeneous user 

groups. 

The authors themselves point to several problem areas: 

Pocobelli et al. (2018) call for the development of tools to 

store and share metadata (which is insufficient in an 

(H)BIM model alone). They point to other authors such as 

Micoli et al. (2013) and Pauwels et al. (2013) who suggest 

the use of game engines such as Unity and Unreal. 

Through them, metadata should be accessible with one 

click. In recent publications (see Banfi et al. (2019), Banfi 

(2020) and Banfi & Previtali (2021)), the Unreal engine is 

often used for this purpose. For users without 

programming knowledge, this game engine offers a wide 

range of out-of-the-box possibilities in the area of 

navigation (e.g. as first or third person) and visualisation 

(natural and artificial lighting). In addition, game engines 

allow the rapid implementation of a multi-device 

application (VR/AR/second-screen/desktop application). 

A disadvantage of game engines is that metadata and other 

information related to a building must be entered 

manually. Due to the different media types (photos, 

videos, texts, ...), different user interactions and interfaces 

have to be implemented, which may be time-consuming. 

Heritage sites are diverse 

In the following section, two very different heritage sites 

are described. Based on them, a workflow will be 

developed, which results both from the analysis in the 

previous section as well as from the demand to create a 

workflow for as many use cases as possible. 

Einhardsbasilika 

The Einhardsbasilika is a building of Carolingian origin 

in Michelstadt, south of Frankfurt am Main. It is 

considered one of the best-preserved Carolingian 

buildings in Germany. It was built in the 9th century AD 

as a three-nave basilica and was rebuilt or extended 

several times in the following centuries. It is an example 

of a single building that has changed constantly over time 

depending on its use (church, monastery, warehouse, 

museum). Much of this change is well documented, for 

example in documents and drawings (Staatliche Schlösser 

und Gärten Hessen 2022). 

Palmyra 

Palmyra is an ancient oasis city in present-day Syria with 

UNESCO World Heritage status. It flourished as a trading 

city under Roman and Persian rule until the 3rd century. 

The complex extends over a large area and includes 

numerous buildings, each with its individual architectural 

and cultural history. Tourist development did not take 

place until the 20th century, until then there were no major 

changes to the townscape. In 2015, large parts of Palmyra 

were destroyed and looted by the Islamic State (UNESCO 

World Heritage Centre 2022). Since then, efforts have 

been made to make Palmyra accessible to the public 

again, at least digitally, based on data recordings shortly 

before and after the destruction. 

A new approach 

The Einhardsbasilika and Palmyra illustrate that heritage 

sites differ greatly in their construction history, size and 

number and type of metadata. The previous analysis has 

shown that there is no uniform concept for the 

management of metadata so far, and rather a new 

approach has been chosen for each building. In particular, 

the maintenance of metadata and its visualisation have so 

far proven to be cumbersome and time-consuming. 

Therefore, we propose a workflow to quickly and easily 

link metadata from heritage sites of different types to the 

respective building. We emphasize that our approach does 

not depend on the current condition of the building, since 

the goal is not to refine or digitally enhance the as-built 

state. Instead, the approach concentrates solely on the 

quantity and quality of the available metadata. 

Specifically, the workflow should have the following 

characteristics: 

• Compatible for structures and building complexes of 

• all sizes 

• The possibility of involving non-experts 

• Traceability of the working method to preserve 

authenticity 

• Flexible handling of metadata 

• Only initial programming effort 

• Simple model maintenance, if necessary 

• Simple multi-device approach 

• Uncomplicated visualisation using XR 
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Proposed workflow 

Development environment 

We propose the game engine Unity as development 

environment for realising the workflow. Although the 

Unreal Engine is widely used in HBIM for visualisation, 

this is not the case in BIM. Here, Unity is often used, 

which is mainly due to its easy extensibility through C# 

scripts and numerous plugins. In addition, the visual 

programming often used in the Unreal Engine has narrow 

limits in terms of transparency and extensibility. 

The general recommendation to use a game engine can be 

derived from other authors. Statham (2019) compared 

platforms that are suitable for the visualisation of 3D 

building models in the context of HBIM, public 

participation, and the guidelines of ICOMOS and 

UNESCO on heritage management. In summary, a wide 

range of metadata can be stored in game engines because 

of the high level of customisation. Platforms such as 

3DHOP and Sketchfab are therefore mainly suitable for 

visualisation alone. Other platforms such as Google Arts 

& Culture (GAC) are specifically designed for heritage 

sites and offer curatorial tools, for example, but can hardly 

be customised, especially in the area of user participation. 

In game engines, this is possible, but requires an initial 

programming effort. 

Procedure 

The analysis shows that there are already numerous 

established procedures in the field of HBIM to make 

buildings accessible to interested parties or to conserve 

them. However, the manual effort of post-processing the 

recording (especially for laser scans) is very high and 

there is a lack of automation approaches. The approach 

presented in the following is intended to provide 

technically less experienced end-users an easier access to 

the digitisation of buildings worth preserving. Depending 

on the use case (for example, if the interior of a building 

is also to be considered), iterative workflow steps and 

branched procedures are also conceivable. 

The proposed workflow should provide a way of 

recording and digitising individual buildings as well as 

entire ensembles and enriching them with information. 

The focus here is not the accurate recording of the 

smallest details, but much more the economic 

preservation and digitisation of existing buildings for 

interested parties as well as for sustainable 

documentation. 

Due to the high costs and the high processing effort, laser 

scans are only suitable to a limited extent for the proposed 

use case, although the level of detail is the highest of all 

technologies considered. An economical and efficient 

option is photogrammetry. Using overlapping images, 

digital 3D objects can be derived and a (mesh) point cloud 

can be created. This methodology has proven itself in the 

use of drone-generated aerial photographs and might also 

be used here. The increase in accuracy could be further 

improved by using LiDAR (Light Detection And 

Ranging) sensors, but this is not standard for many UAVs 

(unmanned aerial vehicles) and is not necessary. It is also 

not used in the example process described in the 

following.  

Our proposed workflow is shown in Figure 1 and will be 

explained in the following. 

 

 

Figure 1: Proposed workflow for capturing heritage sites and 

attaching metadata 

 

The workflow should be as automated as possible. It starts 

with defining the area to be captured, which is one of the 

few manually required steps in the proposed workflow. 

The flight planning software of the chosen drone can be 

used for this, for example. Often this is already offered by 

the pilot software of the drone, and by defining the area 

an automated flight route is suggested. However, areas of 

particular interest should be flown more closely, which is 

why post-processing is recommended. When planning the 

flight, it is also important to ensure that not only images 

are taken at a steep angle from above, but that flatter 

images are also taken to achieve a high image quality of 

the façade. However, it is not possible to record interiors 

using this methodology. Instead, it is possible to manually 

combine further point clouds and models of interior shots 

in the game engine with the exterior model. Finally, a 

series of photos or a video recording is the result of the 

aerial survey. Video recordings can be separated into 

images according to their FPS (frames per second, e.g. 

using ffmpeg), which can then be used for processing 

using photogrammetry. 
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The point cloud can be processed using various software 

such as Autodesk ReCap, COLMAP, or Pix4Dmapper. 

Open-source software such as WebODM is particularly 

suitable for the implementation of an automated workflow 

due to the modification possibilities. The photogrammetry 

process results in a point cloud with meshed textures that 

can then be imported into the Unity game engine (see 

Figure 2). 

 

 

Figure 2: 3D model of the Einhardsbasilika in Unity, 

generated from photogrammetric data from a drone 

flight. 

 

The global coordinates of the area flown over should be 

known from the flight planning or the flight itself. They 

are needed to link the data automatically with information 

about sites of interest. For this purpose, existing databases 

should be used. Various map services offer APIs for 

connecting external programs, which can be used to query 

databases. The best-known map service is Google Maps, 

which provides such an interface via the Google Places 

API, although this is subject to a fee. In contrast, the open-

source project OpenStreetMap also provides access to 

very extensive geo-databases for free. These are used in 

the following examples, but other possibilities like web 

crawling are also conceivable. The communication with 

the API is fully automated by Unity. 

For the communication with the OpenStreetMap 

databases, Overpass turbo is used, which provides an API 

(Raifer 2022). The area is bounded by defining two corner 

points in the WGS84 format (i.e. in the format Lat: 

49.687518° (N), Lon: 8.996612° (E) for the 

Einhardsbasilika), thus creating a bounding box (see 

Figure 3). According to the interface definition of the API, 

it must be ensured that the coordinate points are arranged 

in ascending order (from south to north and from west to 

east). 

 

Figure 3: Bounding box of the overflown area of the 

Einhardsbasilika 

 

Within the bounding box, so-called amenities are filtered, 

and the result is returned in a JSON format. Below is an 

example of an HTTP request for filtering all points of 

interest within the bounding box, as an Overpass turbo 

request (Listing 1) as well as a cURL query (Listing 2). 

All points of interest (POIs) such as bars, restaurants, 

churches, but also park benches and cash machines are 

summarised under the term amenity. Filtering for 

meaningful POIs is possible within the Unity application. 

 

 

Listing 1: Overpass turbo request 

 

 

Listing 2: cURL request 

 

Listing 3 represents the result of the queries. The result 

was requested here in JSON format, but other formats 

such as XML are also possible. 
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Listing 3: Result as JSON 

 

The result of the request can then be interpreted and 

further processed within the Unity application. Depending 

on the amenity type, the POIs are categorised into nodes 

(small objects such as benches), ways (larger objects with 

an outline), or relations (grouping of individual objects). 

The result is then searched for relevant POIs. If these are 

found in the flight area, a maker can be automatically set 

in the application, for example. Depending on the 

complexity of the amenity, the position of the maker is 

contained directly within the element description, as in the 

case of nodes (latitude and longitude), or in the form of 

sub-nodes (as in the case of amenities of the type way). 

For more complex structures, they define the outline 

shape. For each sub-node, the coordinates can be retrieved 

separately or are already included in the query. In our 

example, the Einhardsbasilika is located in the flight area 

and has the type way. Further information such as the 

address, the amenity type (here: place of worship) and the 

link to a Wikipedia article is also included. If the link to a 

Wikipedia article exists, it is linked to the marker in Unity.  

By using Unity, preparing the application for XR for a 

non-expert end-user is easily possible. If, as in this 

example, a user clicks on the perimeter of the basilic or 

enters it in an immersive XR environment, the linked 

Wikipedia article is displayed and/or read aloud. 

Wikipedia represents here only one data source of 

possible information possibilities. Based on the name of 

the object, web searches are also possible and other 

sources, such as YouTube, can be integrated into the 

application. This is also possible for building ensembles 

such as Palmyra. The more sources that can theoretically 

be accessed, the more important it would become to 

provide the user a possibility to pre-select data sources 

and types. 

Discussion 

The literature research shows that there are already 

several approaches using modern technologies to create 

HBIM models of historic buildings and ensembles. This 

makes sensitive or hard-to-reach places accessible to the 

interested public. However, it also became apparent that 

this process involves a great deal of manual and time-

consuming post-processing, especially concerning the 

persistent storage of metadata. Therefore, an automated 

workflow was proposed in this work, which makes it 

possible to automate the conventional approach to a large 

extent. Especially the enrichment of the HBIM model or 

the point cloud with general information can be carried 

out in a fully automated way and the challenge of 

persistent storage can be solved by linking external data. 

The feasibility of the approach to link geo-referenced 

information was demonstrated using the OpenStreetMap 

API and the Einhardsbasilika in Michelstadt, Germany. 

In addition, the potential of the Unity game engine in the 

HBIM area was demonstrated. Due to the somewhat 

higher initial programming effort compared to the 

otherwise mostly used Unreal game engine, programming 

knowledge is required for the setup. However, by 

specifying API calls, it is possible to create an application 

that an end-user can use without programming 

knowledge. This also applies to the visualisation using 

XR. The type of visualisation and the desired user 

interaction only need to be specified once. The following 

assignment of content and its placement in the model 

based on the coordinates can be carried out automatically. 

Finally, it should be kept in mind that the workflow is a 

technical proposal that does not allow any statement about 

the quality of the linked information. To increase the 

reliability of the linked information, the origin of the 

metadata sources should be indicated, so that the user can 

evaluate the quality for themselves. As an alternative, it is 

also conceivable to use the API to access a separate server 

that only certain people or experts can access and enter 

content. Linking the data (as opposed to persistent 

storage) also requires a permanent internet connection to 

retrieve the data and stream any linked videos. 
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Abstract
Current approaches for the automated acquisition of
Building Information Models (BIMs) of existing build-
ings are limited to only few elements of the building.
Furthermore, most work is also related to the reconstruc-
tion of indoor elements, and is not dedicated to structural
elements (e. g. walls, slabs, beams, columns, openings).
In this work, a framework for scan to BIM automation
is proposed that focusses on structural elements and has
a modular structure that allows the adaptation to other
types of elements or types of structures. To achieve this,
advanced methods for segmentation and data exploitation
are being applied.

Introduction
Motivation
In Germany, about 70 % of the construction volume is
performed in existing buildings or structures (Gornig
et al., 2021). For such type of construction work, it is vital
to analyse and acquire the actual state of the structure.
Usually, this is performed by manual measurements and
documentation, from which further information on the
state of the structure can be derived.
Data acquisition techniques such as terrestrial / mobile
laser scanning and photogrammetry have evolved over
the past decade, including mobile mapping systems
that allow efficient capturing of large spaces. The raw
data is provided as an unstructured point cloud i. e.,
a list of point coordinates, and optionally colour and
intensity values. Even though such data provides a
realistic representation of the physical entity, there are no
objects or semantic information in such data, from which
relevant information such as measurements, areas, counts
of elements or information about the condition could be
derived. Additionally, unstructured point clouds are an
inefficient representation of physical entities, demanding
10 to 100 times more storage capacity than semantically
enriched Building Information Models (BIMs) would
need. Consequently, easy-to-capture unstructured point
cloud data needs to be transferred automatically into
BIMs.

BIMs, being object-oriented with rich semantics, can be
filtered according to elements, domains, levels, visualized,
and exchanged. BIMs can be integrated into common
state-of-the-art use cases and workflows, such as quantity
take-off for cost estimations, referencing as-built data for

structural redesign and calculation, clash detection with
domain-specific models thus providing high efficiency
gains compared to manual procedures.

Objectives

This paper shall introduce a scalable, modular framework
to transfer pointclouds into BIMs. We hereby focus on
structural elements of buildings (walls, slabs, columns,
etc.) and such relevant to the load-bearing capacities of the
building (openings such as windows and doors, etc.). The
framework shall be scalable in terms of the integration of
other object classes, and adaptive towards different types
of structures (bridges, tunnels, industrial facilities). BIMs
will be provided in the open file format and data exchange
standard Industry foundation classes - IFC (Bui, 2018).

Related Work

The major research gaps in automation of scan to BIM
modeling have been identified by Tang et al. The authors
point out that among others methods (i) adaptive to other
environments, (ii) robust towards occlusions and (iii) capa-
ble of modeling complex non-planar structures should be
part of further research contributions (Tang et al., 2010).
All approaches introduced below are based on the process-
ing of 3D data, because 3D data is necessary to achieve
the objectives described above. It remains to be noted
that other existing methods reduce the problem of recon-
struction of point clouds into BIMs to a 2D task detect-
ing the layout plan of a building (Okorn et al., 2010), or
creating the 3D model from the floor plan (Turner and Za-
khor, 2014). All approaches introduced in the following
are based on the processing of 3D data and seek the re-
construction of 3D BIMs. The objectives of our research
including scalability and adaptivity to other structures can
only be achieved processing 3D data with full 3D BIM re-
construction. Whilst buildings mostly consist of horizon-
tal and vertical surfaces in rectangular configuration, in-
frastructure or industrial assets involve more complex ge-
ometries that can only be reconstructed based on 3D ap-
proaches. The preliminary work relevant to our approach
is introduced in the following.
Bassier et al. have proposed an approach for reconstructing
walls and rooms based on heuristic reasoning that is capa-
ble of detecting rooms that are not limited to one storey and
that can deal with cluttered and noisy environments, where
parts of the walls are occluded from interiors. Within
this approach, planes are fitted into the point cloud, fol-
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lowed by the clustering and reconstruction of the individ-
ual wall segments themselves. Thewalls are represented as
IfcWallStandardCase according to the open data exchange
standard IFC version 4 (Bassier et al., 2018). This method
achieves good accuracies, but covers only walls and room
topology.
The method proposed by Ochmann et al. allows the recon-
struction of BIMs of walls, doors, windows and ceilings
through energy minimization also providing room topol-
ogy as part of the reconstruction process (Ochmann et al.,
2016). However, the method seems limited to the covered
types of objects and not adaptive to other types of elements
or buildings.
Macher et al. follow a three-step approach, performing a
segmentation into subspaces (i. e. rooms), segmenting
ceilings and walls per subspace followed by the 3D recon-
struction of walls and slabs. Occlussions and clutter are
segmented using a heuristic approach assuming that points
forming a corner belong to walls and cluttering objects do
not reach the ceiling (Macher et al., 2017). The method
seems reasonably accurate with a stable approach to deal-
ing with clutter. However, integrating other types of ob-
jects seems difficult since the sequence of segmentations
does not allow easy alterations.
All known research has not yet provided a scalable scan
to BIM framework, allowing to add other elements or to
cover various types of buildings in a modular approach.
Such a framework will be introduced in the following.

Scan to BIM automation framework
Fundamentals

Figure 1: Overview of Scan to BIM process steps

To achieve scalability and full automation within scan
to BIM methods, it is essential to define three separated
main process steps: (i) semantic segmentation of the input
point cloud, (ii) geometric feature extraction and (iii)
BIM authoring, see Figure 1. Note, that there are some
more process steps required for the preprocessing of the
acquired data, namely 3D reconstruction, registration of
terrestrial point clouds as well as filtering and cleaning.
There are common software tools, e. g. Open3D (Qian-Yi
Zhou et al., 2018), CloudCompare (Girardeau-Montaut,
2020) providing reconstruction, registration and filtering
algorithms and tools. For this research, we assume that
a registered and filtered point cloud is provided, thus the
mentioned steps will not be explained any further.
Although the focus of the proposed methodology is the
BIM reconstruction of structural elements (walls, slab,

columns, etc.) or such affecting the structural behaviour of
the building (openings, etc.), it assumes that all elements
are visible and can thus be captured using common reality
capturing technologies resulting in point clouds of the
building. Elements covering the structural members e.g.,
suspended ceilings, wall coverings, facade systems, etc.
need to be removed before capturing the structure. Other
cases including scanning of building component interiors
(concrete reinforcement, ducts, etc.) are subject to other
research. However, both approaches may be combined in
the future.
The proposed method also requires a certain degree of
data completeness, i. e. that all structural members’
visual surfaces should be captured and present in the
point cloud. Exceptions are allowed for certain types
of elements, where the lack of a surface in the point
cloud is very common, e. g. for base slabs whose
bottom surface touches the ground and top slabs that will
neither be scanned from outside and indoor capturing.
To manage the exceptions, knowledge-based routines are
implemented.
Within the semantic segmentation, building components
of the scanned structure are recognized. Every point of
the point cloud is annotated with a semantic label, repre-
senting the object class such as wall, slab, column, etc.
Per object class, individual objects must be clustered and
the respective geometric features (dimensions, placement,
orientation, shape) are extracted. Performing semantic
segmentation before geometric feature extraction provides
major advantages, since individual geometric feature
extraction routines per object class can be implemented.
Finally, all extracted information is combined into a BIM.
Every process step is developed as an individual module.
Thus, it is possible to develop per step modules for differ-
ent types of structures (e. g. buildings, bridges, tunnels)
with different requirements. In buildings, rectangular and
planar objects are very common. Bridges follow the road
alignment, thus forming objects swept along the align-
ment path with more complicated geometry compared
to buildings. It is obvious, that different approaches are
needed for semantic segmentation and geometric feature
extraction for different types of structures. Regarding
BIM modelling, specific software tools and modelling
workflows are adequate per structure type.
Hence, these three steps allow for a modular development
of each of them, and an easy integration of other element
classes or an adaption to other types of structures. In the
following, all three steps will be outlined, mostly referring
to the building sector. Where applicable, approaches for
other types of structures will be depicted.

Semantic Segmentation

Recently, Machine Learning methods have proven high ac-
curacies in semantic segmentation of pointclouds of build-
ings. A good overview of different approaches on the se-
mantic segmentation of indoor point clouds of buildings
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is presented in the ScanNet Benchmark challenge. The
ScanNet dataset consists ofmore than 1500 scans of indoor
rooms (mostly of type bedroom / hotel and living room /
lounge) with 20 semantically annotated classes, e. g. floor,
wall, chair, sofa, window (Dai et al., 2017a). Hence, the
candidate approaches in the ScanNet benchmark challenge
can be considered a good starting point to identify suitable
neural network architectures for semantic segmentation on
a structural level of buildings.
From the ScanNet Benchmark Challenge, SparseConvNet
(Graham et al., 2018) being one of the leading approaches
was chosen to perform experiments on the semantic seg-
mentation of point clouds. SparseConvNet provides a neu-
ral network architecture with submanifold sparse convolu-
tions and requires excessive amounts of data for training.
Whilst ScanNet provides 1513 semantically annotated in-
door scenes (Dai et al., 2017a), the provided classes do not
match the requirements of this work. Within the semantic
segmentation challenge, ScanNet contains 20 classes e.g.,
basic building element classes such aswalls and floors, fur-
niture (chair, sofa, etc.) or building installation (sink, toi-
let, etc.) Hence, training data had to be acquired covering
an adaquate class scheme of structural element classes in
buildings.
Since manual annotation of training data is labour-
intensive and error-prone, a method to acquire synthetic
training data from BIMs using IFC (Bui, 2018) was devel-
oped.
Acquiring synthetic data from BIMs requires a two-step

Figure 2: Generating annotated point clouds from BIMs

process: (i) realistic texturing of BIMs in a 3D content cre-
ation engine and (ii) a sensor simulation toolkit. As there
is a close integration with IFC via IfcOpenShell (Krijnen,
2021) and BlenderBIM , Blender was chosen as a 3D con-
tent creation engine. From the sensor simulation toolk-
its with Blender interface or integraton, Helios++ (Wini-
warter et al., 2021) and BlAInder (Reitmann et al., 2021)
were examined as possible alternatives. Helios++ provides
a high-performance sensor simulation framework and was
used in (Noichl et al., 2021) with Blender to generate point
clouds of industrial facilities. However, Helios++ lacks the
feature of acquiring colour values during scanning. Colour
values are crucial as they are captured by real-world laser
scanners and are thus processed by the segmentation al-
gorithms. BlAInder shows good performance and can be
used with the most recent Blender versions with advanced
tools for BIM interaction available from BlenderBIM and

is used in the recent research.
The approach generating synthetic point clouds from

Table 1: Colors and respective classes

Class
name

RGB Colour

Wall 0, 0, 170
Slab 170, 0, 0
Column 0, 50, 0
Window 200, 0, 100

BIMs is displayed in Figure 2. The first step is to pro-
duce BIMs varying in dimension and configuration of el-
ements e.g., overall length, number and position of win-
dows, etc. Within the proposed approach, Autodesk Revit
is applied with its visual programming interface Dynamo.
These BIM models are then transferred to Blender via In-
dustry Foundation Classes (IFC) (Bui, 2018). In Blender,
textures are applied according to the specific element class
using Blender’s UV mapping methods. From seven scan-
ner locations point clouds are acquired with a rotating Li-
DAR scanner, similar to real-world terrestrial laser scan-
ners in terms of resolution and scanner characteristics. To
acquire ground truth data, the respective class labels are
inherited from the IFC classes and written to the output
point cloud. The colour values and respective classes for
visualization can be found in Table 1.

Figure 3: Example scene with ground truth labels

With the described workflow, a dataset of 170 scenes has
been generated. One example scene is displayed in Fig-
ure 3. With the dataset, different models have been trained
using sparse convolutional layers, filters, etc. from (Gra-
ham et al., 2018). Before training, data has been prepro-
cessed including subsampling of the raw data from the sen-
sor simulation using CloudCompare’s subsampling func-
tion (Girardeau-Montaut, 2020).
With achievable accuracies ofmore than 90% (mean Inter-
section over Union), training and inference show promis-
ing results, however a good prediction accuracy on real
data could not be achieved. The key to achieving a ro-
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Figure 4: Overview of the presented framework

bust classification on real data is to enable the trained net-
work to learn an abstract representation of the underlying
features. Possible approaches to facilitate robust domain
adaptation will be considered in the discussion section.

Geometric Feature extraction
Geometric feature extraction requires applying the appro-
priate segmentation tools based on a priori knowledge
about the semantically segmented objects as presented
in Figure 4. From semantic segmentation (Figure 4 -
I), a point cloud is derived that can be filtered by the
respective object classes (e.g., slab, wall, window), see
Figure 4 - II. After obtaining the filtered point cloud (i.e.,
only points of one object class), single objects need to be
clustered together. In the context of the examined building
components, mainly plane fitting and parallel plane
clustering (Figure 4 - III) or Density Based Clustering
(Figure 4 - IV) are applicable. After clustering, the
geometric features of the single element point cloud need
to be extracted, which covers the dimensions, position and
orientation of the object, using H-obb estimation (Figure
4 - V) or cylinder fitting (Figure 4 - VI). Geometric

features and semantic object information need to be
stored intermediately (Figure 4 - VII). This information
can later be used to instantiate BIM objects (Figure 4 -
VIII). In the following, our approach to geometric feature
extraction will be explained for common elements such
as walls, slabs, windows and columns related to the
applied method. All process steps I to VIII are considered
modules of ScaleBIM framework. Note, that some of the
procedures can be applied to similar elements, too.
The main subdivisions of a building are its levels, usually
formed by respective slabs. BIMs of buildings are also
organized according to the building levels, hence levels’
and respective slabs’ geometric features need to be
extracted primarily. As an input the estimated maximum
slab thickness is needed as a threshold value to group
corresponding segmented planes. Top and bottom levels,
e.g. roof or base slab, are then added with an estimated
slab thickness, if the top or bottom surface is not scanned.
This is required since the upper surface of the top slab may
be scanned, but the lower surface of the base slab will not
be scanned since it is connected to the foundations and/or
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touching the subsoil. All detected levels will be returned
as a list for BIM modeling. The elevations also provide
the minimum and maximum Z values to assign elements
to the building level, another essential information to
ultimately provide functional BIMs.
Walls typically consist of parallel vertical surfaces. In
most cases, walls are planar elements. Consequently, the
first approach to extracting wall geometric features is to
segment planes from the segmented wall point cloud.
For plane segmentation, an efficient implementation of
the Random Sample Consensus Algorithm (RANSAC)
as presented in (Schnabel et al., 2007) is used in this
research.
Subsequently, the corresponding surfaces forming a wall
are grouped together by estimating the mean distance
between two planar point clouds (Figure 4-III). If the
distance is below the defined threshold, two planes are
considered the two surfaces of a wall. Note, that the
threshold needs to be estimated manually and defined as
an input for the wall clustering function. This is being
considered a feasible option since the maximum wall
thickness within a building can be estimated visually or
with few measurements from either the physical object or
the raw point cloud of the building easily.
The next step in geometric feature extraction of walls

Figure 5: Poor accuracy of oriented bounding box estimation
methods based on PCA

is to obtain dimensions, location and orientation of the
segmented and clustered wall point clouds. As walls
consist of parallel planar surfaces, their volume can be
represented as a cuboid described by extremal corner
points. This is also referred to as a Bounding Box of
the point cloud. Generally, axis-aligned bounding boxes
describe the minimal volume of a point cloud aligned to
a coordinate system. Oriented bounding boxes describe
the minimum bounding volume oriented along with the
point cloud. In most cases, an oriented bounding box
would represent the minimum bounding cuboid for a wall
point cloud. Unfortunately, the methods for obtaining
a bounding box implemented in frameworks such as
open3D (Qian-Yi Zhou et al., 2018) show poor accuracy
for cuboidal point clouds, see Figure 5. The main reason
for the poor accuracy is that these methods rely on the
principal component analysis. Such methods may perform
poorly on cuboidal point clouds. To overcome these issues
the horizontal aligned oriented bounding box (h-obb) is
being introduced, where the problem of estimating the
minimum bounding box is reduced to a 2.5D problem.

The main assumption for estimating the h-obb is that
the lower and upper surfaces of clustered wall point
clouds are horizontal. Although this seems to be a major
simplification, it is comprehensive that buildings are
structured in horizontal levels forming the floors of the
building. While some walls may be shaped differently
with sloped lower and/or upper edges, the assumption
generally works for most of the walls and also matches the
need of the subsequent BIM modelling, with BIMs also
being structured by levels with each element assigned to
its host level.
First, all points are projected onto a horizontal surface,
then the 2D convex hull is computed using scipy (Virtanen
et al., 2020). For every line in the convex hull, the point
cloud is rotated onto the x-axis. Subsequently, the min-
imum and maximum coordinate values are determined.
On the basis of the minimum/maximum coordinates
a bounding box can then be formed. Per line of the
convex hull one candidate bounding box is estimated. By
comparing the volume of every candidate bounding box,
the minimum bounding box can be identified i. e., the
candidate bounding box with the minimum volume. For
every bounding box the extremal coordinates are returned
for subsequent BIM modelling.
It is obvious, that the 2.5D approach is a major simpli-
fication. However, this is acceptable if the topology of
buildings is considered and leads to robust results. An
example of an estimated h-obb is displayed in Figure
6, where the grey mesh represents the bounding box
covering all blue coloured points of the point cloud. The
minimal representation of a h-obb can be given by the
green and orange (maximum/minimum) points, since
h-obb have a horizontal rectangular base plane. The
rectangle can be represented by only two points, if their
spatial relationship is defined. Assigning the minimum
z-coordinate (orange point) to the maximum point (green)
results in the point pair describing the base rectangle.
For convenience, all corner points in the lower horizontal
plane, minimum/maximum vertical coordinates and base
points (rose coloured in Figure 6) can be returned, too.
H-obb estimation can be used for walls, slabs or similar
elements and follows plane fitting and clustering as
indicated in (Figure 4-V).

Figure 6: h-obb of segmented and clustered wall point cloud
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Segmented windows will be displayed as a group of
windows, i. e. all points assigned with the window class.
Hence, single-window point clouds need to be clustered
before geometric feature extraction. Typically, the number
of objects per class in a point cloud segment is not known
a priori. Since it does not require the number of clusters
as an input, the Density-Based Clustering Algorithm
(DBSCAN) as introduced in (Ester et al., 1996) is used
here to identify single objects from the segmented point
cloud with robust results and is applied for elements such
as windows or columns as indicated in Figure 4-IV. The
implementation of DBSCAN in open3d (Qian-Yi Zhou
et al., 2018) allows for fluent integration into the proposed
workflow.
After clustering single windows, the h-obb will be
estimated per clustered object point cloud to extract
geometric features.
As with the windows, single columns first need to be
clustered from all points assigned with the column class
using DBSCAN (Ester et al., 1996). As columns may be
cuboidal as well as round, the type of column then needs
to be detected. This can be achieved using curvature
estimation according to (Douros and Buxton, 2002),
a method implemented in CloudCompare’s geometric
features computation (Girardeau-Montaut, 2020). An
example of curvature estimation on round and square
columns is shown in Figure 7, with green-yellow points
indicating round columns and grey-white sections encom-
passing the filtered square columns. The type of column
per clustered column can be determined by filtering the
curvature values with higher values representing round
columns and low curvature indicating square columns.

Figure 7: Distinguishing round and square columns using
curvature estimation

Depending on the type of column the geometric features
will be exploited (i) using RANSAC cylinder detection
(Schnabel et al., 2007) for round columns (see Figure
4-VI) or (ii) h-obb for cuboidal shaped columns.

Open BIM modeling
For BIMs proprietary data formats as well as open data
exchange formats exist. Whilst proprietary formats typi-

cally provide more fluent integration into BIM authoring
tools and allow for full modification of the objects, the
possible range for data exchange is very limited, although
interfaces for proprietary BIM data formats exist in some
contexts. Within scan to BIM it must be expected that the
generated BIMs will form the basis for further processes
such as design, construction, cost and quantity estimation,
facility management, etc. Thus, BIMs should be inter-
pretable by a wide range of software tools. Consequently,
IFC is used as an output data format for the reconstructed
BIMs. Although Version 4 of the IFC standard is released
and becomes more common, IFC Version 2x3 is used in
this research. Version 2x3 is the most common version
and is supported by almost every software application
that allows importing BIMs. The reconstructed BIM is
displayed in Figure 8, details on the procedure of IFC
model generation will be explained in the following.
For every reconstructed element class, a respective IFC
class exists containing specifications about the geometric
and semantic representations. The shape representation of
slabs, walls and columns are specified as IfcExtrudedAr-
eaSolid, the respective geometric parameters are derived
from the h-obb of the reconstructed objects.
For representing a window, two objects need to be added
to the IFC document: (i) an opening element represented
as IfcOpeningElement and the window itself represented
as IfcWindow. The dimensions and localization are
derived from the h-obb, with the opening dimensions
extended to the vertical faces of the wall to ensure a con-
tinuous opening on both sides of the wall. The windows
themselves are represented with simplified geometric
representations (see Figure 8), as further details on the
window frame, glazing, etc. are not derived from the
geometric feature extraction.
For completeness, property sets and material properties
are added to the IFC elements, although this information
was not obtained automatically.

Figure 8: Reconstructed BIM

Discussion
Within this research, extensive studies seeking a method
for semantic segmentation of point clouds are conducted
using synthetic training data, acquired from the proposed
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BIM generation and sensor simulation process. However,
a sufficient classification accuracy on real-world data
could not be achieved so far. The reason for this is that
features in point clouds of actual buildings show more
variations, e. g. regarding textures, surface roughness,
evenness, presence of objects, configuration of objects,
layout, completeness, clutter, etc. It seems barely feasible
to achieve such variations in synthetic training data.
When applying synthetic training data in Machine Learn-
ing, the problem of Domain adaption is widely examined
and researched. Promising approaches for realistic data
generation are provided using Generative Adversarial
Networks (GANs). Implementations of GANs to gen-
erate high-fidelity images (Brock et al., 2019), and for
small-scale point cloud completion tasks (Wang et al.,
2020; Wen et al., 2021), as well as large-scale point cloud
completion tasks (Dai et al., 2017b) show promising
results. Katrolia et al. have provided a framework for
depth domain adaptation for in-car scenes using synthetic
depth images and real-world depth images (Katrolia et al.,
2021).
Besides, knowledge-based approaches to semantic
segmentation may even outperform machine learning
approaches. Ponciano et al. have proposed a knowledge-
based approach to semantic segmentation of street scenes,
that achieved a F1 score of 78 % on the tested data,
considerably outperforming the tested Deep Learning
approach that resulted in an accuracy of 66 % (Ponciano
et al., 2021).
The proposed approach to geometric feature extraction
and open BIM modelling shows robustness and good
performance on the tested data so far. However, error han-
dling procedures need to be developed and implemented
to deal with unforseen situations. Possible misinterpreta-
tions may occur when encountering non-typical shapes
of elements such as curved walls, ramps, tilted structures,
etc.
Besides error handling, the methodology needs to be
developed further to cover more element classes, such as
roof, stairs, installations, etc.

Conclusions
Within the presented work, a modular scan to BIM frame-
work, called ScaleBIM, with distinct steps for semantic
segmentation, geometric feature extraction and open BIM
modelling is proposed.
In future work, the task of semantic segmentation will be
examined further. The application of machine learning on
classification tasks in other domains proves that the achiev-
able accuracies and reliability are very high. This might be
the case for point cloud segmentation if domain adaptation
frameworks exist on a large scale for unstructured 3D data.
Besides domain adaptation approaches, knowledge-based
approaches to semantic segmentation of point clouds seem
currently very promising. It is cruical to take into ac-
count, that knowledge based approaches can be more com-

putationally efficient since computationally expensive pro-
cesses during the training of neural networks do not have
to be performed.
The proposed methodology will also be advanced to cover
other types of structures such as bridges. The challenge
lies in different topologies: while buildings are hierarchi-
cally organized in levels, bridges are organized along their
alignment formed by a 3D curve and respective positions
on the alignment. Besides semantic segmentation, this
requires different approaches to geometric reconstruction
and open BIM modelling.
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Abstract 

There is a need to facilitate cross-project learning in 

hospital projects. To do this, the Swedish national 

healthcare project frame and database, PTS (Program for 

Technical Standard), has been created to provide a 

framework for Swedish regions when conducting hospital 

projects. However, the fragmented information currently 

available and overall structure makes it difficult to embed 

knowledge and requirements for cross-project learning. In 

this paper we use an ontological framework to review the 

current structure of PTS and also propose a conceptual 

information-structure for machine-readable functional 

and spatial requirements that can be utilized in a 

recommendation system for hospital room layout. 

Introduction 

The design process of a hospital contains several technical 

and organizational challenges. One of the most profound 

challenges is the limitation to learn, apply, and facilitate 

knowledge transfer across projects. The current approach 

relies on temporary organizations in the form of projects, 

where the same set of stakeholders rarely participate in 

subsequent projects, preventing best practice from taking 

place. Thus, information is bound to a project basis and 

prevents cross project learning from happening.  

The goal of The Swedish national healthcare project 

framework and database, PTS (Program for Technical 

Standard) has been to address by functioning as a resource 

with the purpose of knowledge transfer across projects 

and regions to improve the design process. Although 

available to all Swedish regions, its use varies greatly 

among the regions with many regions preferring their own 

internal processes over using PTS and resorting to study 

visits in other regions to facilitate cross-project learning. 

This reliance on the own project process has further added 

to resource disintegration between PTS and each region’s 

own working process for hospital design Moreover, the 

fragmented structure of the data available in PTS has 

meant that the information chain among project 

stakeholders is reestablished from near scratch with each 

new hospital project.  

By not leveraging on previous project experiences and 

thereby facilitate knowledge-transfer when starting a new 

project, the efficiency by which spatial requirements are 

reviewed and validated is also greatly affected. As a result 

of PTS being intended to be used for validation of spatial 

requirements in early phases of the design process, there 

is a requirement on the user’s part to thoroughly 

understand, interpret and review requirements for the 

respective rooms intended to be design reviewed. 

However, the lack of understanding for how to integrate 

PTS in the design process has hindered users from using 

PTS for design reviewing properly and therefor hindered 

the standard from being widely used. Thus, information 

integration and mitigating complexity emerging among 

stakeholders becomes key factors when aiming for 

establishing shared knowledge (Gruber, 1993; Sun et al., 

2012) and enabling users to gain a semantic 

understanding, something required when handling 

complex analyses during different engineering and 

planning applications (Stadler & Kolbe, 2007; Kolbe et 

al., 2005). In this context, unclear and ill-defined 

semantics of systems can be handled by using ontologies 

to address these issues (Gruber, 1993; Guarino, 1998). 

One of the more common semantic languages used for 

ontologies is a logic-based one called Ontology Web 

Language (OWL) (Pauwels et al., 2017).  

Many studies (Mekawy, El et al., 2010; Kedir, Firehiwot 

et al., 2021; Le, Zhang et al., 2014; Rasmussen, M. H. et 

al., 2021) have been exploring ontologies using OWL 

within the domain of AEC industry (Architecture, 

Engineering and Construction) and specifically within 

hospital projects (Garcia et al., 2004). However, far less 

has been explored in terms of presenting an ontological 

framework for how incorporating a design requirement 

standard into the design process can help users validate 

spatial requirements for hospital rooms more accurately 

but also how to include typically not involved healthcare 

staff (i.e., not project and facility managers) more clearly 

in the design process.  

Therefore, in this paper we will aim to create a conceptual 

and ontological based framework for interoperability 

between a design requirement standard such as PTS and 

hospitals’ own internal design processes for requirement 

specification. Moreover, we will also present a conceptual 

information-structure for machine-readable functional 

and spatial requirements that can be utilized in a 

recommendation system for hospital room layout. By 

having such an algorithm within the PTS framework, 

knowledge transfer across project could be facilitated 

without the need to reset the information structure. 

This will be achieved in 4 steps: first, showing the current 

state of PTS and challenges users face by showing the 

interface with the different standard hospital rooms. 

Secondly, an ontology of the general PTS information 

structure system will be presented, with its subclasses. 

Thirdly, an ontology about a specific subclass connected 

to the preceding ontology will be described. Lastly, an 
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ontology will be presented oriented around a prototype for 

an algorithm within the PTS framework. 

Related work  

Ontologies are used as a key tool to convert disintegrated 

information to well defined and clear semantics of 

systems (Gruber, T., 1993; Guarino, N., 1998). 

Moreover, they can help facilitate communication 

between humans or computers as well as give 

stakeholders a common knowledge representation 

framework. Thus, based on observation, ontologies can 

provide a framework enabling users a number of things:  

 

• Capture semantics of specific stakeholders and 

translate these into knowledge understandable 

and available to all involved stakeholders. 

• Improving design and interface of software 

systems. 

• Achieve interoperability between different 

domains helping users infer new knowledge 

about existing systems. 

Within the AEC domain, ontologies have been used 

mainly to construct and describe semantic mapping of 

interoperability between industry related systems 

(Mekawy, El et al., 2010). More precisely, ontologies 

used in these studies have largely revolved around 

presenting the meta-data and its semantics found in spatial 

objects and how it relates to objects within the same or 

different domains. An example of this is the analyzation 

and usage of generic building project ontologies such as 

the Industry Foundation Classes (IFC) (ISO, 2018) and 

how interoperability can be achieved between IFC and 

other classification systems. These ontologies are based 

on the logical theories presented by Copi (1979) which as 

its name suggests, designed after logical axioms and 

definitions that are defined for expressing the 

relationships between entities and classes. The logical-

based languages available (e.g., OWL) then enables new 

knowledge from the semantic model to be inferred, 

thereby creating a more distributed approach to 

knowledge and information structure among involved 

stakeholders.  

How these information structures are manifested in 

studies related to hospital projects is lacking, with 

available studies focusing on either conceptual 

information integration (Garcia et al., 2004; Jiang et al., 

2010) and developing ontologies revolved around the 

operations of healthcare facilities (Yang, H & Li. W., 

2009; Anand, S. & Verma, A., 2010). 

Although there is a lack of ontologies oriented around the 

design process of hospital construction, and more 

specifically maintaining the information structure 

throughout the design process, there are other studies that 

highlight the complexity and challenges commonly 

emerging in hospital projects (Holst, 2015; Zhao, 2012). 

The complexity mainly lies in how good design decisions 

lead to better building outcomes, consequently affecting 

the facility functionality (Holst, 2015). This is also 

supported by the studies presented by Zhang (2012), 

describing how good design in healthcare facilities have 

proven to increase healthcare staffs’ productivity and 

affecting their safety and wellbeing directly. Furthermore, 

As presented by both Holst (2015) and Zhao (2012), the 

time frame in which these key design decisions can be 

made, is commonly tied to the early phases of the design 

process.  

In an effort to create a common framework for how these 

design decisions are done on a larger scale rather than 

limiting the knowledge and experience gained to a project 

basis, and centralizing this disintegrated knowledge, 

healthcare facility standards in various countries have 

appeared. These have been crafted with the aim of 

providing a guideline for hospital construction projects 

and assist design teams to plan and design more 

accurately, by adhering to these provided guidelines. An 

example of this is the Australasian Health Facility 

Guidelines (AusHFG). As stated on AusHFG’s website 

(Healthfacilityguidelines, 2022), the purpose of these 

guidelines is to provide a standardized framework for 

conducting hospital projects. Moreover, this work process 

helps design teams more specifically by basing the 

process on a best-practice approach to healthcare facility 

planning as well as offering access to standard spatial 

components (e.g., 3D spatial components of 272 various, 

standard hospital rooms).  

The Swedish equivalent to AusHFG, PTS, has a similar 

set of guidelines and goals of making knowledge and 

experience derived from best-practice available to 

Swedish regions. Much like AusHFG, PTS also enables 

design teams the opportunity to validate set spatial 

requirements via documents listing classification systems 

related to the spatial components of the listed standard 

rooms. This validation process of standard healthcare 

facilities can be argued to facilitate key design decisions 

made in early design phases, thus help address issues 

related to facility functionality.  

Thus, this paper will aim to create a structured, 

ontological understanding to better analyze and document 

the PTS information structure. This will be done to 

investigate the possibilities of implementing a machine 

learning, shape grammar algorithm within the PTS 

framework. The algorithm would then form the basis for 

an automated computer procedure, capable of generating 

rooms and furniture placement from previous projects in 

PTS. This would essentially support facilitate knowledge 

transfer across projects without the need to reset the 

information structure, as well as help set the groundwork 

for a PTS based recommendation system. 

This will be achieved in four steps: 

1) Analyze the current interface of PTS with the 

classification system related to spatial 

components. 

2) Present an ontology illustrating the general 

process when design team validate design 

requirements for standardized healthcare 

facilities  

3) Present an ontology illustrating the specific 

subclass “Item” with related spatial components 

typically found in a PTS standard room. This 
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graph will be connected to the ontology 

presented in step 2 via the Item subclass. 

4) Presenting an PTS infrastructure with related 

syntax of how an algorithm can work within a 

PTS framework. 

Lastly, the presented ontologies will incorporate data 

gathered from 6 Swedish regions based on 6 semi-

structured interviews with 13 facility mangers and project 

managers involved in hospital design processes.  

A. PTS interface  

The spatial components can be retrieved from the PTS 

object library consisting of multiple 3D Revit families that 

can be downloaded to a user’s 3D model. Currently there 

is a limited access for the design team in terms of not 

having sign-in-access to PTS database. This leads to a 

lack of spatial components available for project members 

to download, something that was emphasized by facility 

managers during the semi-structured interviews. As for 

the classification of the various spatial components, the 

Revit-families are named PTS-codes (see figure 1), a 

numeric code that describes what object group each 

spatial component belongs to. For example, a peg-rack is 

named as 381-3 (see figure 1) in Type Name and 381 

refers to the category of equipment and 1 specifically 

referring to a specific type e.g., the peg-rack being a 

model used with a lifting harness.  

The three-digit numerical code ranges from 300 to 600 

with each 100- numerical category containing a certain 

type of spatial component. For example, all spatial 

components starting off with 300 numerical combination 

is a type of facility fixed component (e.g., peg racks or 

light installation) whereas 400 is a reference to spatial 

components classified as furnishment. 500 and 600 entails 

components in heating and sanitation respective 

electricity.  

Each standard room also has a specific PTS-code 

consisting of a type name for the room and a three digits 

number. These range from 1-221 with copying room for 

example having number combination 28 and an on-call 

room having PTS code 41. 

In regard to how the facility and project managers 

working with PTS in projects, experienced the interface, 

many emphasized the difficulties in finding relevant 

components. Specifically, it was found that the more 

niched standard rooms (e.g., surgical room and ICU unit) 

were either outdated or simply not available. Furthermore, 

with the spatial components being outdated, many facility 

and project managers highlighted how this often leads to 

increased workload due to the components being 

insufficient quality wise and need to be tailored to suit the 

design needs of the region. The outdated models and 

issues related to accessibility to the PTS database as well 

as overall lack of understanding how to integrate PTS into 

the design process. Thishas led to many regions using PTS 

in a context where their own internal processes are 

deemed insufficient during early phases of the design 

process.  

Furthermore, an issue appearing and being highlighted 

during the interviews, was the lack of understanding 

among non-design team members. Due to the difficulties 

in navigating and having an intuitive understanding for 

the PTS-library, healthcare staff who are not involved in 

the design process, tend to rely on the facility and project 

managers for addressing questions related to reviewing 

and validating spatial requirements using PTS. This could 

be argued to hinder an efficient feedback loop between 

healthcare staff typically not involved in the design 

process and managers. This viewpoint is also supported 

by previous studies exploring how end-users who often 

lack technical experience are involved in the design 

process and the importance of them understanding spatial 

conditions and connection to layout (Dunston et al, 2010). 

 

 

 
Figure 1: Example of categories with pertaining spatial 

components from the object library for a care-room for 1 

patient (Program for Technical Standard, n.d.).  

 

 
Figure 2: A) On-call room, b) care-room for 1 patient, c) RWC 

Shower 
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B. General ontology for PTS information 

structure 

To better analyze and document the PTS information 

structure, an ontology illustrating the standard 

specifications consisting of the different classification 

systems that each PTS standard facility is made up of (see 

figure 3) will be presented.  

The ontology language used will be OWL 2, which was 

completed in 2009 and recommended by W3C for the 

Semantic Web and can be subdivided into two parts: 

syntax and semantics. The semantics is the meaning of the 

ontologies (W3C, 2009). The conceptualization was done 

via the Chowlk visual notation, a set of recommendation 

for ontology diagrams representation, providing visual 

blocks that represent each element from the OWL 

specification (Chowlk, 2021).  

The overall ontology has been divided in two separate 

figures (Figure 3 and 4) and as such, the ontology will be 

introduced step-by-step.  

To conceptualize this information structure, one can 

consider the system a hierarchy consisting of multiple 

classes, each with their respective subclasses and 

instances. Each of these subclasses represent the 

classification system that together make up the 

requirements the various standard rooms consist of and is 

documented in the PTS documents (figure 1).  

By observing, one can see that the information structure 

can be illustrated by first having started with the class 

Facility. This is due to the importance of distance between 

rooms. Some standard rooms have requirement to be 

placed adjacent to other standard rooms. This can be 

validated by checking the distance between different 

standard PTS rooms. For example, a care-room for 1 

patient should be placed adjacent to a RWC shower. 

Furthermore, this operation should be checked at the 

initial phase of the information structure so that 

localization of PTS can be achieved.  

 

 

 

 

Specifically, this rule can check that PTS room 1 (care-

room for 1 patient) is directly connected to PTS room 20 

(RWC shower). Another example is that the on-call room  

should have RWC shower close by and that this can be 

checked and validated to see that every on-call room has 

an RWC-shower within a certain distance.  

Next, the property restriction “some” is used to restrict the 

range of the property when applied to the source class, to 

at least some of the target class. The arrows without label 

have a white arrowhead, following the notation they are 

interpreted as “subClassOf”. Rectangles are classes, the 

arrows are properties.  

Moreover, the requirements are divided into FacilityItem 

and OperationUnitItem. This is done to show how 

depending on what the purpose of the utilization is. 

Whether it is a part of the room related to those working 

with facility (e.g., installations) or design layout (e.g., 

placement of furnishment and medical equipment), it is 

important to distinguish the two classes.  

The data property, as seen in terms of accessibility, 

temperature and other, is also included in the ontology due 

to these requirements recurring in various standard rooms 

(e.g., surgical room, 1-patient care room). 

The subclass Item is then shown, which is later connected 

to the different subclasses Item contains, which is 

presented further in figure 4. 

 

 

 

 

 

 

 

 

 

Figure 3: Illustration of the general ontology of PTS information structure with related requirements that each PTS standard room 

consists of. 
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C. Ontology for Item in a standard room 

 

 

 

As presented in the previous section, Item is a subclass of 

FacilityItem and OperationUnitItem. This item can then 

be further partioned into three different subclasses: 

Furniture, MedicalEquipment and Installation. As 

illustrated, the subclasses Furniture and 

MedicalEquipment also have subclasses. The annotation 

N1 and N2 seen after the property name state the 

cardianility, which for the sake of illustrating the PTS 

information structure on simple terms, is expressed as the 

PTS standard room containin N amount of Beds. By the 

same token, the FixedFurniture class follows the same 

ideá, showing with an example class of Cabinet, how 

there could be multiple cabinets in the PTS standard room.  

Related to what has been mentioned earlier, with the 

purpose of an Item, presenting the classes in this way was 

motivated by having an ontology that could be conceptual 

idea of PTS whilst being structured in such way that 

would make it compatible with a semantic reasoner. 

Therefor, the ontologies presented in figure 3 and 4 have 

been crafted on these basises: reflecting the current PTS 

interface (figure 1) and considering who the target group 

is. Related to the last point, this could be facility managers 

whose interest mainly lies in spatial layout or those 

working with requirements related to spatial layout that 

does not affect the operations of those working in the 

standard room (e.g., healthcare staff). As a result, the 

subclass Installation has been created to represent this 

above-mentioned distinction. 

The spatial components have for the sake of simplicity not 

all been included and as such only the objects deemed as 

spatially associated (i.e., not temperature or light related 

objects) that have been included. This is mainly due to the 

fact that the algorithm capable of generating rooms and 

furniture placement (figure 5), visualizes spatial 

components.  

Lastlly, it can be observed how the classes Items, 

Furniture, MedicalEquipment and Installation are either 

floor based, wall based or ceiling based. This could then 

be connected to the algorithm-figure presented in the 

subsequent section (figure 5). Examples of what can be 

categorized as Installation would be lighting fixtures and 

electrical outlets.  

 

 

 

 

 

 

 

Figure 5: Illustration of the PTS infrastructure with related syntax of how an algorithm can work within a PTS framework. 

 

Figure 4: Illustration of the Item ontology of PTS information 

structure with related subclasses. 
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D. Algorithm for PTS information structure 

From the method of creating ontologies and analyzes of 

them, a connection to machine learning interpretation and 

algorithm capable of generating rooms and furniture 

placement, visualizes spatial components can be possible. 

By breaking down the PTS Standard room down to 

functional requirements and furniture/medical equipment 

connected to the classification system, it is possible to 

create design requirements for analyzing and automatic 

computer-generated role-based design of the rooms.  

In this context the room dimensions, list of 

furniture/medical equipment to be placed, and doors and 

windows requirements could be analyzed and be an input 

to the automatic computer-generated room design 

algorithm. By creating a role-based sematic database with 

all the standard furniture/medical equipment (BIM-

objects) and its connected required clearance area/space 

and spatial relation an automatic computer-generated PTS 

room design could be created as illustrated in Figure 5.  

Consequently, this computer-generated PTS room design 

could further be used in Co-design processes and Co-

design systems such as ViCoDE which has shown to 

support and facilitate cross-discipline collaboration, 

independent of prior experience to design review session 

(Roupé, M. et al., 2020). This could potentially provide 

an opportunity for healthcare staff beyond those typically 

involved (i.e., project and facility managers) to participate 

and contribute to the feedback loop that takes place in 

early phases of the design process between design team 

and end-users. 

The result is that it is possible to creating a role-based 

design of rooms and its furniture/medical equipment for 

floor layouts which could late be validated by end-user 

in using ViCoDE and VR in 1:1 scale.  

Discussion and conclusion 

This paper has reviewed existing information structures 

for the Swedish hospital standard PTS and then analyzed 

the ontology of these structures as a method to see 

possibilities with connecting it with a machine-readable 

functional and spatial requirements that can be utilized in 

a recommendation system for hospital room layout. This 

rule based design interface could then be connected to the 

Co-design system to provide the users a number of of 

recommendations regarding room layouts and the 

included equipment and furnitures.   

By integrating the information structure via ontologies, 

we have provided a theoretical framework for how to 

make guidelines and information provided by a hospital 

standard, accessible and available for all stakeholders. By 

making information related to hospital standards more 

accessible, one can argue that this contributes to bridging 

the gap of involvement in design review sessions typically 

emerging between those with prior experience (e.g. 

regular healthcare staff with no knowledge in reviewing 

and providing feedback on design proposals) and those 

typically involved (e.g. facility and project managers). 

Furthermore, this involvement of end-users lacking prior 

experience could be further facilitated, as described in the 

last section via a recommendation system. The ontology 

presented, thanks to the semantics described in the 

preceding sections, opens up the discussion for not only 

facilitating an enhanced knowledge and information 

structure among all involved stakeholders within a project 

but also how this presented framework can potentially 

facilitate cross-project learning. By enabling more users 

to be involved in the design process whilst adhering to a 

national standard framework for hospital design in a more 

accurate way, the quality as well as well as the quantity of 

feedback gained can be translated to better and more 

accurate design outcomes. The more integrated PTS 

framework can then form the basis for a more accurate 

and established knowledge to be spread among different 

hospital projects. 

For future research, it is of interest to further investigate 

the PTS infrastructure from a more practical framework, 

i.e., what criterias would have to be met to enable its 

implementation in real-life project. 

Lastly, it would be of interest to explore more in detail 

how the basis of a recommendation system via an 

ontology can be created. Specifically, a recommendation 

system for PTS would be rule-based (i.e., property 

restrictions), with PTS-classification embedded in IFC-

models of the hospital projects. The IFC-files would then 

be uploaded to the PTS portal once the hospital project is 

finished. The computer and a machine-learning algorithm 

would then be applied to analyze the IFC-database 

connected to PTS.  

As the structure showed in the ontologies, it is possible to 

compare how PTS standard rooms and layout has been 

utilized. This means that once PTS has gained traction in 

terms of usage, enough data can be gained for the 

recommendation system to become more accurate over 

time. As a result, cross-project learning would 

realistically be more doable.  
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Abstract 

Material passports have been proposed to collect, store, 

and share material information to promote circularity in 

the construction sector. However, the current 

recommendations for material passports focus on material 

information at a building scale with little attention to its 

implications on a city scale. To address this limitation, 

this paper provides directions for developing a material 

passport ontology that could be used to collect, store, 

share, and retrieve data at multiple scales of abstraction. 

It describes the requirements for a material passport 

ontology and provides recommendations for integrating 

existing ontologies. This paper is relevant to researchers 

developing information management platforms to enable 

a circular economy 

Introduction 

The construction sector accounts for 39% of CO2 

emissions (Dean, B., Dulac, J., Petrichenko, K., and 

Graham, 2016). Prior research has identified that 82–87% 

of the total greenhouse gas emissions are from building 

materials' embodied greenhouse gas emissions (Yan et al., 

2010). Although the built infrastructure has increased 

operational energy consumption, the material 

consumption is estimated to grow from  40 gigatons in 

2010 to 90 gigatons by 2050 (Oberle et al., 2019). Planet 

earth cannot provide for this increased requirement in the 

construction sector's current linear-produce-consume-

dispose model(IRP, 2018). To address this challenge, 

there is a strong direction from policy and an emerging 

research trajectory to shift to a circular economy where 

used materials become valuable resources for a new 

production cycle (Adams et al., 2017; Leising, Quist and 

Bocken, 2018; Heinrich and Lang, 2019; Hossain et al., 

2020; Kovacic, Honic and Sreckovic, 2020). 

Most of the circular economy research in the built 

environment is about recycled/reusable materials 

(Gálvez-Martos et al., 2018), circular transition (Pomponi 

and Moncaster, 2017), tools and assessment to support 

circular buildings (Giorgi, Lavagna and Campioli, 2019; 

Heisel and Rau-Oberhuber, 2020), product and building 

design(Akinade et al., 2019), and stock and flow analyses 

of resources and materials (Krausmann et al., 2017). 
Although less researched, collaborative platform for 

material Information management has been identified as 

one of the critical components of enabling a circular 

economy in the built environment (Charef and Lu, 2021).   

Material passports are a crucial component of information 

management in the circular economy context (Munaro 

and Tavares, 2021). It has been used to improve recycling 

potential (Honic, Kovacic and Rechberger, 2019), 

optimize building design (Kovacic, Honic and 

Rechberger, 2019), and enhance material recovery 

(Kovacic, Honic and Sreckovic, 2020). Although there 

has been an emerging research trajectory on material 

passports, most studies have focused on material 

passports at a building scale. There is little attention 

towards understanding the implication of material 

passports at a city scale. 

This paper addresses this shortcoming by proposing the 

directions for developing a material passport ontology to 

enable a circular economy at a city level. The rest of the 

paper is divided into five sections. The following section 

introduces the circular future cities and describes the need 

for material passports at the city level. This section also 

explains the state-of-the-art in material passports. The 

following section explains the research method followed 

in this paper. The next section describes the directions and 

recommendations for developing a material passport 

ontology from a city perspective. This is followed by a 

section on the limitation of the proposed directions. 

Finally, the conclusions of this work are presented. 

Background 

Circular future cities 

There is a great drive towards developing systemic 

innovations supporting circular economies in 

construction. There are several projects initiated to 

improve circularity at a city level and to improve the reuse 

of materials (Circular Future Cities, 2020; Digital Twins 

for Circularity – Digital Twin Cities Centre, 2021). 

Integrated frameworks and tools are developed based on 

advanced digital technology to inform circular buildings' 

design and deploy more effective resource solutions. 

These frameworks include investigating the digital 

information from various scales and abstractions to 

support the circular economy. For example, to store the 

material stock information of a city, the material 

information must be viewed from a city scale with higher-
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level abstraction. Whereas a designer substituting 

materials with mined material needs to understand 

detailed material information to aid his decision process. 

Therefore, the material information must be represented 

at different levels of abstraction and scale. 

Material passports 

Material passports are information management records 

of materials used to document and track circularity 

potential provide accurate information for reuse and 

recovery(Debacker et al., 2016). Prior studies have 

identified that material passports can enable circular 

economy by providing circularity potential, design 

guidance, creating a market differential for suppliers, 

providing information clarity and authentication, 

increasing traceability, understanding gain/loss ratio, 

guiding users on installation, maintenance, and 

disassembly, create a secondary materials market, 

increase supply security and reduce environmental 

footprint (Hansen, Braungart and Mulhall, 2013; Building 

a Circular Future, 2016; Onze diensten - Talking Heads, 

no date; Luscuere, 2017; Heinrich and Lang, 2019).  

As stated, most of the work on material passports in the 

construction sector focused on developing material 

passports at a building level (Honic et al., 2019; Heisel 

and Rau-Oberhuber, 2020; Kedir, Bucher, and Hall, 
2021). However, from a circular perspective, the material 

passport should have additional information to support 

city-level activities such as urban planning (Herthogs et 

al., 2012; Li, Quan, and Yang, 2016). This requires 

integrating information at city scales from geographical 

information systems and building scale from building 

information models. Although there are existing 

frameworks to ingrate GIS and BIM (Zhu et al., 2018; 

Wang, Pan, and Luo, 2019), to the extent of our 

knowledge, there are no existing frameworks that 

integrate city-level information all the way to material 

level information to enable circular future cities.  

Point of departure 

Integrating material passport information for circular 

cities requires integrating data from heterogeneous 

sources at different levels of abstraction. Linked-data 

technologies and ontologies have been used in such cases 

to integrate data from multiple domains and scales 

(Pauwels, Zhang, and Lee, 2017; Soman, Molina-Solana, 

and Whyte, 2020) and modelling constraint relationships 

(Soman, 2019). Further linked-data technologies have 

also been used in the city scale for decision-making 

during city planning (Chadzynski et al., 2021; Richthofen 

et al., 2021). Also, ontologies have been used to develop 

material passports to enable circular information flow in 

Industrialized construction (Kedir, Bucher, and Hall, 

2021).  

Extending these studies, this paper aims to provide 

recommendations for developing a material passport 

ontology to enable a circular economy at a city scale. 

Research Method 

The main goal for this paper is to define the directions 

towards a material passport ontology that could enable 

circular future cities. There are many methodologies to 

develop ontologies as proposed by Grüninger and Fox 

(1995), Fernández-López, Gómez-Pérez and Juristo 

(1997), and Uschold and Gruninger (1996). Zheng, 

Törmä, and Seppänen (2021) have adapted and combined 

the concepts in these methods and established a hybrid 

ontology development method for the construction sector 

following the framework for ontology development by 

Zhou et al. (2016). It contains seven stages which are as 

follows. 

1. Identify the scope, purpose, and intended users 

of the ontology. 

2. Specify the requirement of the ontology. 

3. Review domain knowledge, existing ontologies, 

data models, and other sources. 

4. Enumerate higher-level classes and build up 

properties. 

5. Construct ontology. 

6. Integrate existing ontology. 

7. Ontology evaluation.  

Since this paper aims to define the directions for a new 

ontology, it considers the first three steps from the hybrid 

ontology development method, as shown in Figure 1.  

Towards Material Passport Ontology 

This section details the different aspects of developing an 

ontology to enable a circular economy at a city scale. 

Purpose, scope and end-users 

The purpose of the material passport ontology is to 

conceptualize material information from different 

perspectives of city planning, design for reuse, operation 

and maintenance, and disassembly to promote the reuse 

of materials to enable a circular economy at a city scale. 

The scope of the ontology is to represent the 

conceptualization of building stock information and the 

material information at the city scale while representing 

the material properties such as physical and functional 

properties while maintaining the provenance. A non-

exhaustive list of intended users of this ontology is shown 

in Table 1. The users would have different levels of access 

and operations with some users who are the consumers of 

information, whereas others would be involved in creating 

and updating the information.  

Figure 1: Research method 
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Table 1:End-users of the ontology 

Abstraction End users 

City Regulators, Planners, Operations 

Building End users, operations team, 

architects, engineers, contractors, 

demolitions team 

Assembly/Module Designer, Manufacturer, 

Assemblers, Supply chain 

Component Designers, Manufacturers, Supply 

chain 

Material Mining firm, Processing firm, 

Supply chain 

Requirement 

Based on the ontology purpose, Scope, and end-users, the 

ontology's functional requirements are identified using 

competency questions (CQs) ( Grüninger, and Fox, 1995). 

CQs are a set of requirements represented as questions in 

natural language that the ontology should handle. These 

questions should be used to define ontology's main 

concepts and the concepts' modalities, attributes, 

relations, and axiom. The competency questions for the 

proposed ontology are listed in Table 2. 

Table 2: Competency questions 

End user Competency Questions 

Architect Q1-When will double glazed windows with PP 

dimensions be available in XX city? 

Planner Q2 When buildings in sector YY are 

demolished, what different materials would be 

available for reuse and in how much quantity? 

Engineer Q3 Where can one obtain QQ qty of structural 

steel beams of load capacity RR next year?  

The competency questions described in the table require 

the information from multiple models to be integrated as 

presented. For example, breaking down the competency 

question 1, when will double glazed windows with PP 

dimensions be available in XX city? Here, the information 

is first queried in the abstraction 'city' for a component 

'glazed windows. The abstractions are shown in Figure 2. 

The query should traverse through the abstraction 

'building' to get that. Further, the property of the 'glazed 

window' dimension is queried from the abstraction 

component. Finally, suppose there is a component 

available. In that case, the query should fetch the end of 

life for the 'building' and return the data. 

Similarly, breaking down question 2, When buildings in 

sector YY are demolished, what different materials would 

be available for reuse and in how much quantity? Again, 

the query traversal starts from a region YY in the city, all 

the way to the abstraction material. Then the amount of 

the material is computed from the abstraction building 

and component. 

The competency questions described here require the 

information from multiple models to be integrated as 

presented. The several aspects that a material passport 

ontology needs to handle are listed below. 

1. Topology: The ontology should represent a city 

as a part of a topology that can be traversed. The 

material should be part of a component, which is 

a part of a module or assembly installed in a 

building, as shown in Figure 3.  

2. Actors: The ontology should handle different 

actors and their functions in terms of data input 

and data use. The actors may be associated with 

the materials directly or through other 

abstractions, as stated in Table 1. 

3. Geometry: The ontology should store the details 

about the geometry of how the material was 

molded. This is necessary to compute the 

quantity of the available material.  

4. Material properties: The ontology should have 

the capability to store different properties of the 

materials to be queried for reuse. This aspect of 

Figure 2: Query traversal for competency question Q1                              

Figure 3: Construction material flow in a circular city 
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the ontology stores the functional properties of 

each topological abstraction at each stage of the 

lifecycle. 

5. Life cycle: The ontology should store the 

information regarding the material within the 

different stages of its evolution at different 

abstraction levels, as shown in Figure 4 

6. Property evolution: As the properties of the 

materials evolve over time as they are passed 

through different lifecycles, the ontology should 

store the evolution information.  

7. Semantics for circular exchange: The ontology 

should support semantics for circular exchange 

such as creation, post-use, and reverse logistics. 

 

In addition to handling the above, the ontology and the 

triple store should handle both advanced SPARQL and 

GeoSPARQL queries. The ontology should handle the 

different stages of the materials as it gets embedded into 

components, assemblies, and buildings, as shown in 

Figure 3. Further, it should also handle interdependent 

lifecycles of different abstractions, manage the input from 

different stakeholders engaged in each lifecycle stage, and 

provide their queries. 

Reusing existing ontologies 

Based on the requirements, the existing ontologies in the 

built environment were reviewed to investigate whether 

they can handle the complex queries. Since the ontology 

needs cover broad contents and requirements, a modular 

approach must be adopted to design the ontology. An 

ontology module may be defined as "a reusable 

component of a larger or more complex ontology, which 

is self-contained but bears a definite relationship to other 

ontology modules" (d’Aquin et al., 2007).  

Since most of the knowledge required for circular future 

cities is available in different existing ontologies, different 

ontologies based on similar upper-level ontologies can be 

combined to satisfy the requirements. They need to be 

linked together so that the complex query traversal can 

happen to fetch and infer information. Different 

ontologies required for circular future cities are identified 

in this study (See Table 3). Proposed ontology integration 

is shown in Figure 5. 

Topology: Three ontologies OntoCityGML (Chadzynski 

et al., 2021), Building topology ontology (BOT) 

(Rasmussen et al., 2017) and Building product ontology 

(BPO) (Wagner et al., 2022), can be used to enable 

topology traversal of queries. While OntoCityGML 

handles the city-level traversal, BOT handles the traversal 

inside a building. Further, product level traversal is dealt 

with through BPO.  

Actors: Digital Construction Agents ontology (Zheng, 

Törmä and Seppänen, 2021) can be used to formalize the 

representation of the stakeholders over the construction 

lifecycle, to support data sharing of the social, 

organizational, and circular exchange relations. 

Geometry: Ontology for Managing Geometry (OMG) 

(Wagner et al., 2019) can be used to associate the 

geometry of the material related to a building. Further, it 

is possible to define the relationship and dependencies 

between multiple geometry representations. This aspect 

makes it convenient to do quantity take-off from the 

building information data.  

Material properties: Digital Construction Information 

(DIC)-Materials ontology (Zheng, Törmä and Seppänen, 

2021) can be used to store relationships between building 

elements, constructions' details, materials, and their 

properties. It can be used to store details related to 

materials, properties, values, and units. 

Lifecycle: Digital Construction Information (DIC) -

lifecycle ontology (Karlapudi, Valluru and Menzel, 2021) 

can be used to represent the life cycle stages.  

Property evolution: Ontology for Property Management 

(OPM) (Rasmussen et al., 2018) can be used to account 

for property changes in time or to attribute a value 

association with metadata such as provenance, reliability, 

and origin data. 

Semantics for circular exchange: Circular Exchange 

Ontology (CEO) (Sauter, Lemmens, and Pauwels, 2018) 

can be used to describe the activities that enable the 

circulation of materials/products and information across 

different organizations and stakeholders to realize a 

circular economy. 

Figure 4: Interdependent lifecycles of different abstractions of material use 
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Table 3:Existing ontologies to support circular future cities requirements 

All the ontologies described above are interoperable and 

based on similar upper-level ontologies and hence are 

interoperable. This enables querying across these 

ontologies to retrieve information for a circular economy.  

Next steps 

The future work in developing this ontology is to 

construct the ontology. This includes connecting the 

equivalent classes between these ontologies and aligning 

them using ontology editors such as Protégé (Musen, 

2015). Once built, the ontology must be evaluated for 

consistency using a description logic reasoner. Then it 

should be assessed for different criteria, such as clarity 

and extendibility. Then, the data assertions should be 

associated with the ontology, and queries based on 

competency questions must be run to investigate whether 

the query can traverse through multiple abstractions and 

return the desired results. As the last step, task-based 

evaluation should be carried out to see if the ontology can 

handle the integration of information across various 

abstraction and domains to enable circular future cities.  

Requirement Ontology name Universal Resource Identifier (URI) 

Topology OntoCityGML https://github.com/cambridge-

cares/TheWorldAvatar/tree/develop/JPS_Ontology/ontology/ 

ontocitygml/ontocitygml.owl 

Building Topology Ontology (BOT) http://www.w3id.org/bot/bot.ttl 

Building Product Ontology (BPO) https://w3id.org/bpo 

Actors Digital Construction Agents (DIC) https://w3id.org/digitalconstruction/0.5/Agents  

Geometry Ontology for Managing Geometry 

(OMG) 

http://w3id.org/omg 

Material property Digital Construction Information  

Materials (DICM) 

https://w3id.org/digitalconstruction/0.5/Materials 

Lifecycle Digital Construction Information 

Lifecycle (DICL) 

https://w3id.org/digitalconstruction/0.5/Lifecycle  

Property evolution Ontology for Property Management 

(OPM) 

https://w3c-lbd-cg.github.io/opm/ 

Semantics for circular 

exchange 

Circular Exchange Ontology (CEO) http://ld-ce.com/vocab/CEO 

Figure 5: Proposed ontology integration 

Page 233 of 605

https://github.com/cambridge-cares/TheWorldAvatar/tree/develop/JPS_Ontology/ontology/ontocitygml/ontocitygml.owl
https://github.com/cambridge-cares/TheWorldAvatar/tree/develop/JPS_Ontology/ontology/ontocitygml/ontocitygml.owl
https://github.com/cambridge-cares/TheWorldAvatar/tree/develop/JPS_Ontology/ontology/ontocitygml/ontocitygml.owl
https://w3id.org/bpo
https://w3id.org/digitalconstruction/0.5/Agents
http://w3id.org/omg
https://w3id.org/digitalconstruction/0.5/Materials
https://w3id.org/digitalconstruction/0.5/Lifecycle
https://w3c-lbd-cg.github.io/opm/


Limitations 

This paper discussed the requirements for a material 

passport ontology to enable a circular economy at a city 

scale. There are two aspects of a material passport 

ontology that this paper has not mentioned. First, this 

paper didn't consider how material stocks could be traded 

in a decentralized marketplace. Although the ontology 

enables information storage in decentralized databases, it 

didn't consider the commercial information to allow 

decentralized marketplaces. Second, this paper didn't 

consider the flow parameters associated with the circular 

economy. However, that may be associated as a material 

property in the future extensions of the ontology as it is 

designed to be modular. 

Conclusions 

The main contribution of this paper is in defining the 

directions to develop a material passport ontology to 

enable a circular economy for construction materials at a 

city scale. It identifies the requirements for a material 

passport to represent the conceptualization of building 

stock information and the material information at the city 

scale. Further, the recommendation to integrate existing 

ontologies such as OntoCityGML, BOT, BPO, OPM, 

CEO, DIC, and OMG to develop a material passport has 

been provided in this paper. The proposed 

recommendations can be used to create a material 

passport ontology that stores material properties such as 

physical and functional properties while maintaining 

provenance. The stored information can be queried at 

different scales of abstraction to enable a circular 

economy at a city scale. 
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Abstract 

High fragmented and hardly accessible information often 

leads to struggling management of diffused assets. BIM 

and GIS integration is promising to develop effective 

digital Asset Management Systems (AMS) to facilitate 

information sharing and collaborative management. This 

paper presents a replicable methodological approach to 

develop a pilot BIM-GIS, web-based AMS for the 

University of Turin. The main aim is to overcome 

document-based and fragmented management, avoiding 

ineffective decisions during the operational and 

maintenance phase. The key step of integrating data from 

several heterogeneous sources in an accessible, 

centralized database is deep in described. Furthermore, 

two demonstrators are illustrated, discussing the first 

results and AMS potentials. 

Introduction 

Over the last decades, the integrated use of BIM (Building 

Information Modeling) and GIS (Geographic Information 

System) has been promising to develop Smart Cities and 

Digital Twins (DTs) (Zaballos et al., 2020). BIM is 

fundamental in the production of highly detailed building 

models, while GIS enables to manage and analyse them 

through a global spatial reference system (Zhu and Wu, 

2021). Together with the recent availability of innovative 

technologies and big data volumes, BIM-GIS 

interoperability can optimize management activities, 

especially during the Operation and Maintenance (O&M) 

phase. It can also promote the development of effective 

digital Asset Management Systems (AMS) tools (Pärn et 

al., 2017). The main difference between BIM and GIS 

also represents their integration strength and lies in the 

representation scale. GIS works at the district level and 

building surroundings, while BIM can deeply describe a 

single building. Thus, the great power of BIM-GIS 

integration consists in the ability to digitally manage the 

asset from the territorial macroscale to the microscale of 

the single asset component. Nevertheless, this is possible 

only if a centralized, accessible, scalable, and well-

structured database is configured and available. 

Recently, several universities borrowed the Smart City 

concept at the campus scale to improve asset management 

with a more satisfactory user experience and optimal use 

of resources (Lu et al., 2020, Ward et al., 2021). 

University campuses are complex assets to manage, made 

up of widespread buildings and often built in different 

eras, especially the Italian ones. Their management is 

often organized on fragmented and hardly accessible 

databases, still document-based, resulting in incomplete 

and asymmetrical information that leads to ineffective 

decisions and use of resources, especially during the 

O&M phase. This phase proved to be the most expensive 

concerning the total cost of the whole asset life cycle. The 

efficient use of the spaces (i.e., space management related 

to occupancy flows), users’ behaviour and the needs for 

supplies and services have strong impacts on building 

usability and energy consumption. For that reason, if 

inadequately managed, they can cause a waste of 

resources as well as an increase in management, 

operational and maintenance costs. Therefore, a switch 

from fragmented document-based approaches to digital 

collaborative processes is needed. To facilitate the 

transition to full digital management, it is required an 

Information Management (IM) method and information 

protocols for tailored data modelling able to ensure the 

availability of accurate information at the right time in the 

required format to the proper subject (Chen et al., 2015). 

Information about how and when data exchanges should 

happen and among which stakeholders must be defined to 

develop digital AMS tools able to manage all the data 

needed throughout the whole university asset lifecycle. 

Furthermore, the BIM-GIS merge, also known as 

GeoBIM, has been rarely investigated in the Asset 

Management (AM) field (Moretti et al., 2021). 

Moving from these assumptions, the research project aims 

to define a digital and replicable methodology to develop 

an AMS based on the integration between BIM and GIS 

through a web platform (i.e., AMS-app) aimed at 

facilitating information management and decision-

making processes in large, diffused assets. The AMS-app 

should gather all the data currently separately managed by 

several administrations, to provide a still independent 

although collaborative management. Therefore, the 

building asset could be managed at the system level rather 

than at a single building level. Another major outcome of 

the research consists in the definition of an information 

protocol to enhance diffused university assets modelling 

through BIM - GIS platforms. The paper presents the 

replicable methodological approach followed to develop 

the AMS-app, focusing on the description of the 

significant effort to gather data from several isolated 

Page 237 of 605



 

 

 

 

databases in a centralized and easily accessible one. In 

addition, it is illustrated how the AMS-app was developed 

exploiting such a centralized database to provide real-time 

visualization of the whole diffused asset in an interactive 

3D map. The result is a “GeoBim” system enabling to 

archive, consult and share of constantly updated 

geometric, spatial, and functional data, useful for more 

efficient and sustainable management of the university 

assets. Finally, the paper explains the application of the 

established methodology through two demonstrators, 

discussing the first results, potentials, and limitations. The 

two demonstrators are part of the pilot use case that is the 

University of Turin’s building stock. It represents one of 

the major diffused Italian campuses, with a huge 

catchment area and quite unstructured management. Due 

to these features, it involves a strong information 

asymmetry, which prevents awareness about its 

consistency and uses, with consequent waste of resources 

and efficiency losses. 

Furthermore, the digitalization of building stock and the 

use of innovative and digital tools for AM is one of the 

desired targets in the University of Turin’s strategic plan, 

which stands out as a novelty in the Italian panorama. 

Background 

The literature review focused on BIM, GIS, and their 

integration to develop a web-based platform for O&M 

management. The analysis of past and current approaches, 

and their applications with related advantages and 

limitations, was extensively conducted. 

It is a matter of fact that BIM enhanced productivity in the 

AECO industry (Architecture, Engineering, 

Construction, and Operations) promoting collaboration 

and information sharing among stakeholders (Bryde D, 

2013). It was developed with the main aim of managing 

the whole building lifecycle through parametric models 

fed with relevant information (Villa and Di Giuda, 2015). 

Concurrently, GIS emerged as a compelling tool to 

acquire, store and handle a big amount of data in a 

relational database, facilitating specific spatial analyses 

through spatial and non-spatial attributes, assigned to 

tailored parameters (Burrough, 1986, Liu et al., 2017). In 

the last few years, the integration between BIM and GIS 

became a research trend topic as it improved data 

integration, urban management, and strategic decision-

making, providing valuable support for the actual growth 

of smart sustainable cities (Yamamura et al., 2017). 

Nevertheless, BIM and GIS exploit 3D information 

models with two different approaches (Noardo et al., 

2020). Their integration is complicated by several 

differences: users, spatial scales, coordinate system, 

standards levels of detail, geometric and semantic 

representation, and granularity levels, in addition to 

information storage and access method. 

Recently, many studies tackled the BIM-GIS 

interoperability issue with interesting results. (Ellul et al., 

2020). Noardo at al. argued that the main issues to be 

faced are as follows: 

Harmonization and consistency of data: all the items and 

data must fit together, with a specific feature class (i.e., 

georeferencing, accuracy, geometric and semantic 

representation, amount of detail etc.); 

Interoperability: metadata must be structured, clear and 

comprehensive to be correctly used in different software. 

The adoption of open standards such as IFC (Industry 

Foundation Classes) for BIM and CityGML for GIS 

(Laakso and Kiviniemi, 2012) would facilitate 

interoperability and unchangeability among 

heterogeneous dataset process which translates a dataset 

into a standardized format; 

Common guidelines: definition of guidelines shared 

between actors and stakeholders to avoid loss of 

information during exchanges, “GeoBIM” models instead 

of BIM and GIS separately (Floros and Ellul, 2021). 

Many studies analysed the most suitable fields where BIM 

and GIS can be better applied. Ma et al. identified the 

following three phases: P&D (Planning and Design), 

O&M and the building demolition phase. In particular, the 

activities, which benefit most from BIM-GIS integration 

during the O&M phase, are crowd simulation and the 

management of risks, energy, security, facility, heritage, 

and many others. Teo et al. (Teo and Cho, 2016) made a 

great example of crowd simulation. They connected 

indoor paths generated by exploiting geometric and 

semantic information from BIM models with outdoor 

paths from GIS databases to support indoor and outdoor 

combined emergency planning. Most of the studies which 

tackled the issue of exchanging data between the two 

systems highlighted how the best approach consists in 

extracting data from BIM and importing them into GIS 

(Al-saggaf and Jrade, 2015, Ma and Ren, 2017), rather 

than exploiting the reverse process. Similarly, the same 

studies showed as one of the most suitable paths to 

achieve BIM and GIS interoperability is ESRI ArcGIS 

Pro® combined with Autodesk Revit®. Due to the 

availability of these software at the University of Turin, 

they were chosen to be exploited for the pilot use case, 

with the future aim of exploiting open solutions through 

IFC and CityGML standards. 

Methodology 

The research methodology was developed starting with 

the state-of-the-art analysis concerning methods and tools 

for developing AMS of large building stocks through 

BIM-GIS integration. The actual definition of the 

methodological approach started in the second phase 

which tackled the analysis of the University of Turin’s 

building stock and its current management processes. 

Following the analysis, processing and structuring of the 

acquired data, a centralized relational database was set up 

to gather all the heterogeneous existent data concerning 

both spatial and functional attributes of the asset. Finally, 

a custom BIM-GIS web platform was developed to enable 

the visualization of the University of Turin’s building 

stock and its attributes in an interactive 3D digital 

environment.  

Figure 1 shows the research methodological path which 

could be replicated for other use cases. The main objective 

was to develop a customized digital tool (i.e., AMS-App) 

suitable for several devices (e.g., smartphones, tablets, 
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notebooks, etc.) to support the easily consultation and 

visualization of the information through the interactive 

3D map. 

Therefore, the interested administrations and stakeholders 

involved in decision processes concerning the 

university’s assets and activities (e.g., teaching and 

research staff, students, maintenance staff) could find the 

required information by querying the building. As 

aforementioned, the process started with a preliminary 

analysis of the management processes currently in use. 

Following this phase, the needed datasets were acquired 

and there was the first check. If some data were missed, 

an integration was needed, otherwise, data were 

structured with a tailored encoding scheme in the 

subsequent phase. Then, there was the data integration in 

a centralized database with the development of BIM 

models fed by customized datasets. After this phase, there 

was another check to understand whether the dataset was 

correctly updated concerning data included in the BIM 

model. Once the dataset passed the check, the models 

could be georeferenced. Before the final step, concerning 

the implementation of data and models in the AMS-app, 

one last check was made to ensure that the data were up-

to-date and correct. The following paragraphs provide a 

deep-in description of each step of the methodological 

path. 

Building stock and management processes analyses 

The first phase of the methodological approach concerned 

the analysis of the University of Turin’s asset consistency 

and the identification of the administrations involved in 

its management.  

The main objective was to identify which data were 

needed, from which administrations, which ones were 

already available or not, how they were managed and 

shared, and it was possible to understand where to gather 

the lacking data. With this aim, the communication 

channels of the University of Turin (i.e., the website and 

its Transparent Administration section which comprises 

official documentation related to the core activities and 

people working in the institution), were investigated to 

collect available data and to identify administrations 

involved into the management processes (Table 1). It was 

checked a web platform, namely Opensipi, exploited to 

manage data about the building stock (e.g., dimensions, 

occupancy, mechanical assets, and so on). This platform 

was managed by the “Information systems and e-learning 

portal Directorate” and it can be updated by the 

”Building, logistics and sustainability Directorate”. It 

was also found that academic activities data, were stored 

through heterogeneous excel sheet files managed by the 

administrative staff of the “Educational services 

Directorate”. Finally, it was identified an external 

database, namely Cineca, with students’ data managed 

through dedicated interfaces and unopened for 

consultation. 
Table 1: Database, information and involved administrations 

 

The interviews with the administrative and management 

staff of several involved areas confirmed this 

fragmentation and highlighted the struggle in gathering 

the needed information as their extrapolation must be 

required on purpose, with long waiting times. Then, an in-

depth analysis of the databases was conducted to 

understand which data should be integrated and connected 

for the efficient management of the university’s assets and 

their activities. Opensipi platform was developed to create 

a tool for Space and Asset Management based on a GIS 

approach. Through Opensipi it is possible to search and 

visualize the whole university building stock using 

Google Maps. Through digital interactive plans, the 

platform also shows spatial attributes and individual 

premises of each building (Table 1). It is worthy to note 

Database Data Administrative 

Directorate 

OpenSIPI Building name 

Geometric data 

Building location 

State of use 

Information 

systems and e-

learning portal 

Building, logistics 
and sustainability 

Excel sheet 

files 

Timetables 

Courses 

Educational 

services 

Cineca Student career 

Course catalogue 

Fees 

Not directly 
accessible 

Figure 1: Flow chart 
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that the functional attributes of spaces (e.g., occupancy, 

furniture, and mechanical systems) useful during the 

O&M phase are missing. Another issue is that the 

platform is not continuously updated, therefore its data 

may not correspond to the real condition of the spaces. 

Thus, updated data and plans of the building stock were 

gathered through short interviews and documentation 

requests to the technical office of the university. 

As Table 1 shows, the “Educational Services 

Directorate” used a heterogenous Excel sheet file to 

manage timetables and courses data. Data related to 

students’ careers, fees and course catalogues are managed 

through a dedicated application provided by Cineca 

which is also responsible for data storage. Also, in this 

case, short interviews with the staff were conducted to 

understand which data they handle and how different 

administrations interact. It was highlighted that the Excel 

sheet files used by the “Educational Services Directorate” 

were not connected with the data provided by the database 

provider Cineca. The result is a lack of connection 

between the administrations, resulting in high fragmented 

information which leads to additional work for the staff 

and prevents tasks automatization. As previously 

described, Cineca is an external provider of software and 

services, responsible for data management. The 

administrative staff of the university cannot directly 

manipulate data stored in the database, a dedicated 

application is necessary to visualize information and 

customized queries must be asked to Cineca with 

consequent long processing times which lead to 

inefficient management. To develop an AMS for 

distributed and heterogeneous building stock, the direct 

access to a centralized database and the need for efficient 

functionality are crucial (Kensek, 2015). Therefore, an 

integrated database, with data from Cineca and other 

databases, was necessary. Such an AMS can be a 

breakthrough for the activities of the “Educational 

Services Directorate” that could rely on a unique source 

of data concerning the number of students, available 

spaces, and courses. 

Finally, further analyses were conducted to understand 

which applications were provided by Cineca to the 

“Educational Services Directorate”. Two main 

applications were identified:  

• Esse3, for the management of students 

throughout their academic career; 

• University Planner, for the creation of 

automated timetables related to courses and 

assigned spaces, but without optimization of the 

space occupancy.  

In conclusion, university administrations involved in the 

management of data handled not complete nor always 

updated information employing heterogeneous interfaces 

and management systems, often still document based. 

Consequently, the big amount of data analysed, needed 

for managing such a complex and diffused university’s 

asset, currently is not easily accessible and informed 

decisions are hardly achieved. 

Data structuring in a centralized database 

The structure of the centralized database was defined 

according to the current situation without neglecting the 

possibility of further implementations for future 

developments. The data which feed the centralized 

database were acquired from various sources, both 

through direct requests to the competent administrations 

and by accessing the university’s website and databases 

through specific credentials. Data collected, and their 

sources are as follow: 

• OpenSipi: building name, building code, area 

code, encoding, building type, building state of 

use, city name, address, floor code, space code, 

space state of use, space height, space capacity, 

area/capacity, space name, storeys (building), 

net area (building), perimeter(building), net 

area (space). 

• Google maps: latitude, longitude. 

• New data: space typology, space description. 

• University’s website: equipment, annual 

expenses, annual income, prevalent use, title 

(building). 

• Department office: number of occupants, start 

time (timetable), end time (timetable), start-end 

time (timetable), day (timetable), day number 

(timetable), subject (timetable), subject code 

(timetable). 

• Students’ registry office: course name, course 

code, enrolled students. 

Once the data were acquired, it was conducted a state-of-

the-art analysis to identify the best way to archive them to 

provide flexibility, easily updating and accessibility to 

users. A secure and well-established way of storing data 

is through relational databases (RDBs), which enable to 

structure data according to a precise hierarchy (Atzeni and 

De Antonellis, 1993). In the pilot use case, a RDBs was 

chosen since it allows the establishment of diverse types 

of relationships among data which enables tailored 

queries and the possibility to filter and aggregate data 

according to the intended purpose. The database structure 

was divided into nine tables fed with the collected data 

and it was also based on potential future uses and queries 

of the database concerning asset management activities. 

This enabled to understand how the distinct levels and 

kinds of information should be connected. The first step 

concerned the choice of the central data to which connect 

other information. As most management activities need 

asset spatial attributes, it was decided to start from them. 

Thus, the database structure was developed starting with 

spatial information contained in a central table “Building 

Stock”. Then, on one side links to other data about 

"Spaces" up to "Occupancy" and "Timetables" were 

branched out. On the other side, data about "Real property 

titles", "Rental incomes", "Rental expenses" and the 

"Degree programmes” were branched out. To identify 

uniquely the spaces of the building, a key step concerned 

the set-up of a tailored encoding system, which was also 

suitable to connect data through the database. It is 

organized according to the different building stock levels 

of definition, as follows:  

Page 240 of 605



 

 

 

 

PR1_0002_0003_A4_P005_00006 
1: Province; 2: Venue; 3: Settlement; 4: Building code; 5: floor 

6: Space. 

This system enabled to connect data consistent with the 

building level of detail. Both the encoding scheme and the 

centralized database structure played a key role in the 

AMS-app as it enabled filtering displayed information 

employing the single afore illustrated data. 

BIM modelling and information parameters allocation 

The fourth step concerned the attribution of the semantic 

data stored in the centralized database to the building 

stock. The first step concerned the development of the 

BIM models to be enriched with the building’s attributes. 

It was adopted a gradual approach, starting from two pilot 

cases, namely Piero della Francesca centre, headquarters 

of the Faculty of Computer Science and Palazzo Nuovo, 

headquarters of the Faculty of Humanities. 

Even if the first one is a modest size building (2850 sqm), 

it was chosen as the last five years recorded the highest 

trend of growth of the university population (i.e.,50%) 

with a constantly increasing demand for new spaces. 

Thus, new digital and automated tools such as the AMS-

app could help to optimize space occupancy and related 

O&M activities. Moreover, this demonstrator was used to 

evaluate the developed methodology, further affined with 

the application on the second demonstrator, Palazzo 

Nuovo. This building was chosen for its high complexity, 

due to its exceptionally large dimension (6787 sqm) and 

complex geometry, besides the presence of a variety of 

activities both internal and external to the academic life. 

It is characterized by a complex design, and it hosts four 

different departments (i.e., Philosophy and Educational 

Sciences, Historical Studies, Humanistic Studies, 

Language Department), whose enrolments in study 

programmes increased about the 15% in the last four years 

to around 23000 students in 2021, that is the 28% of the 

total enrolled students. These scenarios created 

complicate management of the teaching activities and 

resulted in a greater demand for spaces and classrooms. 

Thus, it was difficult for both the development of the BIM 

model and the assignment of a large amount of spatial and 

functional attributes. In this preliminary phase, the main 

objective was to gain a level of information right useful to 

represent the whole university asset, without weighing 

down with an excessive amount of data. Consequently, a 

key choice was to model the building stock through 

masses, floors, and rooms, avoiding an unnecessary level 

of detail. Autodesk Revit® authoring tool, one of the most 

used BIM software in the AEC industry, was adopted. 

This choice was mainly due to three factors: (i) the 

possibility to represent only the main volumes of the 

university building stock as masses, floors and rooms 

(further implementable in the future); (ii) the availability 

of the Dynamo plugin for Revit® useful to automate both 

modelling and parameter assignment processes; (iii) the 

great level of interoperability between Revit® and GIS 

platforms (i.e., ArcGIS Pro of Esri), which enables to 

import BIM files (i.e., .rvt and .ifc format) directly in a 

GIS environment, minimising information losses (Song et 

al., 2017). Once the modelling was completed, the 

individual categories of created elements (i.e., masses, 

plans, rooms) were assigned to the spatial and functional 

attributes previously stored in the centralized digital 

database, through VPL (Visual Programming Language) 

(The Dynamo Primer, 2021) which is widely used in AEC 

industry with significant improvements both in modelling 

and data management (Boshernitsan and Downes, 2004). 

VPL replaces standard computer programming identified 

with special objects (i.e., nodes) with specific 

functionalities. This research adopted the visual 

programming software Dynamo for Revit®    to populate 

parametric models with the semantic information 

illustrated in the previous paragraph. Dynamo is an open-

source interface between VPL and Revit API (Salamak et 

al., 2019), where the nodes are connected to define highly 

customized algorithms. Initially, spatial, and functional 

data were structured individually, and then they were 

linked to the parametric models. Customized nodes were 

used to extrapolate the data from the spreadsheets, create 

new-shared parameters in .txt format and assign them to 

three categories of parametric elements (i.e., masses, 

planes, rooms) in the BIM models. 

Development of the BIM-GIS digital platform 

As stated in the literature review, recently AECO industry 

strongly requested improvements to reach a better 

integration and interoperability between BIM and GIS 

(Song et al., 2017). Through the integration of GIS and 

BIM, every single project can be placed in the real 

context, enabling to monitor, plan and manage all the 

impacts at the city scale and evaluate the economic, social 

and environmental aspects (Esri Italia, 2020). Therefore, 

the fifth phase of this research project concerned the 

development of a web-based BIM-GIS platform (i.e., 

AMS-app), providing real-time visualisation of the 

university’s assets and their attributes in an interactive 3D 

digital map. This platform can be considered as a GeoBIM 

system where it is possible to connect information 

models, and spatial and functional data at once. It was 

crucial to evaluate the level of interoperability between 

BIM and GIS. A key step concerned the BIM models 

checking process in the GIS environment, to demonstrate 

the correct importation of information linked to them, in 

addition to their accessibility and usability. This checking 

process followed a specific workflow consisting of 

Geographical coordinates checking and Attributes 

checking process. Once the model has been imported into 

the GIS environment (i.e., ArcGIS Pro), geometrical 

coordinates of the vertices (X, Y, Z) were extrapolated 

through the specific tool “Feature Vertices to Points”. 

Then a vertex with known coordinates was identified and 

used to check its geographical coordinates and correct 

georeferencing in space (Figure 2). 

The summary tables which list all the attributes linked to 

the BIM models were created through the “Attribute 

Table panel” in the scene, then it was possible to check if 

the data entered in the BIM environment were maintained 

by each attribute. As mentioned in the previous paragraph, 

the first objective was to represent the whole diffuse asset 

of the University of Turin. 
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Hence, it was not possible to include the complete 

attributes set of each building within the GIS 

environment, also due to the size and heterogeneity of the 

University of Turin assets. Then BIM models were 

imported into the GIS platform just as georeferenced 

masses with geometric and semantic attributes. 

 

Figure 2: Palazzo Nuovo BIM model geographical coordinates 

checking process in ArcGIS Pro®. 

However, it was decided to fully import the BIM models 

of the two demonstrators (i.e., Piero della Francesca 

centre and Palazzo Nuovo), which were detailed with 

geometric and semantic information from the floors up to 

the spaces. Once all the buildings were imported into the 

GIS platform, the entire project was transferred to the web 

environment, generating an interactive map of the entire 

asset of the University of Turin. Then, tailored slides were 

created to facilitate users’ navigation throughout the 

university asset. It can be navigated and filtered at 

different information levels (i.e., asset, single building, 

floor and local) enabling analysis of the asset and 

facilitating strategic decision-making as it is possible to 

gather and visualize just the needed information.  

Results and discussion 

The main purpose of this research was to provide 

innovative methods and tools for the management of the 

operational phase-in diffused building stocks. The main 

outcome was a digital and replicable AMS based on the 

integration between BIM and GIS through a web 

platform, aimed at facilitating information management 

and decision-making processes. The pilot use case was 

individuated in the vast and complex asset of the 

University of Turin. Now all its 120 buildings were 

modelled as masses and georeferenced through the AMS-

app (Figure 3).  

Two of these buildings were chosen as demonstrators of 

the AMS platform potentials and they were entered into 

the platform as actual BIM models with detailed 

information up to the level of the single room. Although 

their datasets are still incomplete compared to all potential 

future uses of the AMS-app (Facility and maintenance, 

emergency management, crowd simulation, occupancy 

management, etc.), most spatial and functional 

information were already inserted and displayable. Thus, 

it was possible to transform data into useful information 

and provide valuable instruments to support strategic 

decisions through business intelligence (BI) technology.  

Considering that Microsoft Excel® is the main software 

used by the administrative directorates, Microsoft Power 

BI®, developed by the same software house, was chosen 

to obtain the best interoperability and avoid data losses.  

It is internationally recognised as one of the most suitable 

software for its ability to manage large quantities of data 

(Shaulska et al., 2021) and it enables to display Arcgis 

maps through a tailored plugin. A key feature lies in the 

ability to work on datasets without modifying the data 

source. 

 

Figure 3: University of Turin’s asset in the AMS-app with an 

example of a summary table. 

Exploiting this feature and the centralized database afore 

illustrated several interactive and comprehensive 

dashboards are provided to facilitate the visualization and 

understanding of useful information by university 

buildings users (Figure 4,5).  

In this project, data were analysed at diverse levels of 

detail, to provide several dashboards and to collect 

interactive information at various scales, from the whole 

building stock to the single building. An initial dashboard 

with overall analytic elements of the whole University of 

Turin asset was created (Figure 4). It displays an 

interactive map with linked data (e.g., number of 

buildings, building name, building title, prevalent use, 

rental income, rental expenses) and some elements that 

enable user interactions. By clicking them, data could be 

filtered or aggregated, and key performance indicators 

(KPI) interactively change with maps, bar graphs and ring 

graphs. 

 

Figure 4: Analytic elements dashboard of university assets. 

Thus, through the web application, it is possible to 

visualize information briefly without waiting for reports. 

This is especially useful for administrators, giving a quick 

idea of rental costs and incomes. Furthermore, it 

facilitates a clear view of the building stock consistency 

and administrators can optimize resources allocation. A 

second general dashboard was created for the 

visualisation of the whole building stock. Assets and 

related information could be filtered by educational pole 
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or department. This allows to immediately visualize in 

which building a department or a certain course is located. 

It enables also to understand the distance between 

buildings or spaces such as laboratories or university 

residences. These information crossed with that relating 

to classrooms occupancy and courses timetables, enable 

to optimize of both courses allocation, buildings 

exploitation and users’ mobility across the campus, 

making it more sustainable. 

 

Figure 5: Space analysis dashboard of Piero della Francesca. 

Then, two other types of dashboards were created for the 

analysis of the first demonstrator: Piero della Francesca 

centre, at the building level. In the first dashboard, it is 

possible to visualize overall building information and the 

activities conducted inside, in addition, data can be 

filtered according to courses or academic year. The last 

dashboard developed, allows a deeper analysis at the 

building space level of the different activities (Figure 5). 

Thus, data previously fragmented are connected and 

visualized through dashboards and needed information 

for the correct allocation and occupancy of spaces are 

provided. Without the AMS-app and this kind of 

dashboard, it was not possible to get the exact awareness 

of how and how many spaces were occupied. Some 

classrooms were under-exploited, others over-exploited 

with consequent discomfort for users and expenses for 

external spaces rental. Now the Educational Services 

Directorate and other administrations can easily view and 

consult these information for an optimal allocation of 

study courses based on the actual availability of spaces. 

Furthermore, by visualizing which spaces were partially 

used during the year, it is possible to reduce rental 

expenses, raising awareness about the use of the 

classrooms and management costs (e.g., cleaning, 

maintenance, heating, and air conditioning) can be 

optimized. 

Conclusion 

The paper tackled the development of an innovative 

digital AMS useful for information management and 

strategic decision making during the operational phase of 

diffused assets.  

A replicable methodology aimed at the development of an 

integrated BIM-GIS web platform based on a centralized 

and accessible database was presented. The developed 

methodology was applied through two demonstrators 

with diverse levels of complexity. It was illustrated the 

great potential of BIM-GIS integration through digital 

tools. The main output, which is the AMS-app, enables to 

visualize the whole university building stock with its 

attributes through a 3D interactive map. Now, it is limited 

to authoring formats, but in the future open standards will 

be exploited to ensure greater interoperability between 

BIM and GIS (e.g., IFC, CityGML). In addition, it is 

needed a deep analysis to understand how automated data 

flow could be implemented using Machine Learning 

systems. 

In conclusion, the developed AMS could overcome 

current fragmented and still document-based management 

issues. It should provide effective decisions and 

management processes based on complete and real timed 

updated data, stored in a centralized and implementable 

database. Exploiting synthetic dashboards and through BI 

tools linked to the AMS-app, useful strategic data and 

graphs could be displayed. These features should enable 

better management of the university's financial and spatial 

resources, with a reduction of waste and cost savings. It 

should be possible to: (i) rationalize spaces use depending 

on the actual availability, courses timetables and 

occupancy, (ii) optimize real estate investments by 

visualizing over or under exploitation of both buildings 

and spaces, (iii) optimally managing maintenance and 

cleaning operations concerning the actual spaces use. 

It is planned to equip the most significant buildings in 

terms of dimension, occupancy, or complexity, with 

sensor networks to detect thermal comfort, energy 

consumption, people presence and all the useful data for 

optimal management of the O&M phase. These data will 

be collected through the developed database and 

visualized through tailored dashboards. Hence, BIM 

models could be exploited to develop valuable DTs and 

enable to real-time optimize internal comfort conditions, 

energy consumption, evacuation in case of emergency, 

assisted maintenance operations and optimal occupancy 

also through VR/AR tools. Thus, the real-time or 

predictive management of the building could be provided, 

together with enhanced user experience and further 

management costs and resources consumption reduction. 
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Abstract 

In the execution phase, the acquisition of information is 

crucial. A key challenge in BIM-based flight planning 

with unmanned aerial vehicles (UAV) is designing, simu-

lating, verifying, possibly optimizing and executing the 

model-based acquisition based on a 4D-BIM. The pre-

sented “lean data acquisition process” (LDAP) triggers 

the acquisition event-based and demand-oriented (Pull 

principle) for relevant activities and exclusively acquires 

the associated components. Then, the LDAP comprises 

model-based planning (Plan), realistic simulation (Do), 

validation and uniform evaluation (Check) as well as ad-

justment (Act). This ensures that only relevant data and 

information from the construction process are acquired.  

Introduction 

Problem Statement 

The "Masterplan BIM Bundesfernstraßen" (BMDV, 

2021) of the Federal Ministry of Transport and Digital and 

Infrastructure (Bundesministerium für Digitales und 

Verkehr, BMDV) of the German Federal Republic pre-

sents the regulatory framework for the application of the 

BIM methodology on a nationwide basis for public high-

way infrastructure projects in Germany. In the BIM meth-

odology, the life cycle of a BIM stretches from the design 

phase through the execution phase to the operation and 

maintenance phase (Glock, 2018). First extensive practi-

cal experience is currently being gathered for the design 

phase in infrastructure construction (Liebich et al., 2018) 

and will be standardized, e.g., by further development of 

the IFC (Industry Foundation Classes) format for the in-

frastructure (buildingSMART, 2022). The BIM method-

ology is currently still being tested in infrastructure and 

civil engineering in execution (Schneider & Tschickardt, 

2021) and maintenance phases. In the construction phase, 

and particularly in infrastructure construction, there is a 

high frequency of decision making, as construction pro-

cesses are complex and heterogeneous due to one-off pro-

duction. In both lifecycle phases, it is crucial to constantly 

enrich and update the BIM with current information about 

the site condition of the bridge structure during the con-

struction and operation phases. Automated data acquisi-

tion during the construction phase is indispensable to gen-

erate the necessary information to support rapid decision 

making, e.g., within construction management. 

 

Figure 1: Missing data and information during the information life cycle of a bridge structure 
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Figure 1 displays the problem statement regarding the 

missing data and information during the information life 

cycle of a bridge structure, especially in the construction 

phase. The data and information are mostly linked to the 

BIM throughout the development and design phase. In 

contrast, data acquisition and documentation of the con-

struction progress are still carried out in a predominantly 

manual, laborious, and error-prone process. Information 

such as construction diaries, pendulum lists, delivery 

notes, quality assurance/quality control (QA/QC) reports, 

minutes of meetings, weather conditions, survey proto-

cols and others are generated daily at a construction site. 

This data and information are acquired by various possi-

ble databases. Some will be handwritten, some will be al-

ready within a machine-readable tool (i.e., Excel) and 

some will be lost due to human errors. First approaches of 

research based on automated data acquisition instigate the 

use of photogrammetric methods and/or laser scanning 

(light detection and ranging, “LiDAR”) and the evaluation 

of the required information during the execution phase. 

UAVs equipped with LiDAR sensors can support the doc-

umentation and reconstruction of the construction site. 

Significant advantages include easier access to most parts 

of the structure, higher coverage and accuracy, improved 

efficiency and increased safety by reducing the likelihood 

of falling hazards. Today, data acquisition is mostly done 

manually, whereby the quality of the acquired data and 

the coverage of relevant structure areas mainly depend on 

the person’s experience (Biswas et al., 2015). A system-

atic design and planning of the data acquisition is not car-

ried out properly. Planning and validating the data acqui-

sition helps to ensure the complete acquisition of the rel-

evant components of the structure for a specific time.  

 

However, little research has been done yet on how data 

acquisition planning can be performed automatically 

based on the BIM (Glock et al., 2021). Semantically rich 

BIMs (i.e., 4D-BIM) can be used for the automation of the 

planning process. Furthermore, the 4D-BIM should be up-

dated with recent information aggregated from acquired 

data should provide an efficient source of information in 

the construction phase.  

Currently, the data of a manually planned acquisition and 

implementation lacks accuracy and degree of coverage 

(Zhang et al., 2016). UAV-assisted data acquisition can 

already support this, but to date, data acquisition planning 

has been labor-intensive, error-prone, and inefficient. The 

surveyor must manually extract information from conven-

tional 2D drawings or unrich geometric models, identify 

the location of relevant components of the structure and 

finally create a plan for data acquisition. This leads to a 

reduction in cost-effectiveness, a "too much" or "too lit-

tle" of data and a lack of efficiency (Biswas et al., 2015).  

Furthermore, the acquisition of construction-relevant data 

has been handled poorly up to these days. According to a 

survey (Ailland, 2013) among construction managers, the 

period from manual data acquisition of construction-rele-

vant data to processing is one week in 65% of the cases. 

The construction diaries are only kept daily by 23% of the 

respondents. This long period makes it even more difficult 

to obtain an up-to-date picture of the construction pro-

cesses. Automation of construction documentation can re-

lieve the construction management regarding the acquisi-

tion effort. Efficient data acquisition can be achieved 

through a preceding planning optimization process called 

“Planning For Scanning” (P4S) (Aryan et al., 2021). A 

key challenge is to first design, simulate, verify, possibly 

optimize, and finally execute a model-based and UAV-

assisted automated data acquisition based on the 4D-BIM. 

Research Objectives  

The presented research aims to evaluate current standards 

and company reporting systems for cataloging and cate-

gorizing collectible data on the construction site. This in-

cludes the evaluation of current processes of bridge con-

struction, to determine which processes can be assisted 

with UAV automated data acquisition. The second aim is 

to incorporate the pull principle and the continuous im-

provement (PDCA) being part of the lean methodology in 

the design, planning, and execution of data acquisition in 

the construction phase of bridge structures. The research 

intends to focus on LiDAR-generated point clouds instead 

of photogrammetry-based point clouds because accuracy 

plays a crucial part in construction site documentation. 

First, the research focuses primarily on the construction 

phase. The data acquisition will be initially triggered 

event-based and demand-oriented according to the pull 

principle, for specific scheduling processes, e.g., when a 

structure part or scaffolding/formwork is completed or 

when the inspection of a structural component is due. The 

respective information on due dates is derived from exist-

ing BIMs of the bridge structure for the construction pro-

cess, which provide specific information as a 4D-BIM.  

At the beginning of the automated model-based planning 

(1), relevant viewpoints, so-called "points of interest" 

(POI), need to be identified from the 4D-BIM. This can 

be done based on the vendor-neutral and technology-open 

data format IFC, as this is used for standardized data ex-

change in the construction industry or in a 4D-Software. 

The flight plan is the connection of the POI along an op-

timized path and includes the location of the take-off and 

landing spots, which can be defined manually. To deter-

mine the optimal flight route, various search algorithms 

can be used to find the most cost-effective and/or shortest 

route with the fewest obstacles between these POIs. The 

flight plan will also be validated (2) in a simulation soft-

ware to exclude collisions with the bridge structure and to 

be able to check the quality of the acquired data in ad-

vance. The validation (3) of the synthetic data acquisition 

is to be carried out via quality criteria, yet to be developed, 

which should be generally valid and not trade-specific for 

a LiDAR-based UAV data acquisition. This should in-

clude, for example, sufficient accuracy (Level of Accu-

racy, "LOA") (Tang & Alaswad, 2012), density (Level of 

Detail, "LOD") (Tang & Alaswad, 2012) and surface 

completeness (Level of Completeness, "LOC") (Biswas et 

al., 2015). The adjustment (4) of an inaccurate flight plan 

should be performed continuously and iteratively until all 

quality criteria are sufficiently fulfilled.  

The design of the flight plan is continuously optimized as 

part of a continuous improvement process with the sub-
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steps Plan - Do - Check - Act (PDCA). The optimization 

is performed by the following sub-steps:  

(I) automated and model-based planning of the flight 

plan for data acquisition (Plan),  

(II) a simulation of the data acquisition considering the 

typical characteristics of the sensors and UAVs as 

well as the local conditions (Do), 

(III) a validation and uniform evaluation with key indi-

cators of the simulation (Check), and  

(IV) an adjustment of the designed data acquisition 

flight plan (Act).  

By implementing the pull principle and continuous im-

provement (PDCA) of the lean methodology as part of the 

data acquisition planning, it can be ensured that only the 

data of sufficient quality is acquired in a goal-oriented 

manner. Also, the 4D-BIM can be updated to reflect the 

construction progress or the current state of the bridge 

structure. 

The presented approach is particularly suitable for infra-

structure projects, such as bridge and road construction in 

open space. Furthermore, structures such as football sta-

diums, large factory halls or offshore wind farms/produc-

tion platforms, and major concrete constructions for 

buildings are also feasible to a specific degree. Interior 

construction and confined spaces, on the other hand, are 

not implementable, because the UAV has a certain geo-

metrical dimension and the reception signal must be given 

at all times.  

Background and literature review 

Effective and efficient data acquisition can be achieved 

through a prior planning optimization process, which can 

be referred to as P4S (Aryan et al., 2021) as stated before. 

Therefore, in this chapter, lean construction basics will be 

introduced and furthermore the state of research in the 

fields of automated UAV-based acquisition as well as its 

planning is being analyzed. 

Lean construction 

A process is a sequence of consecutive actions. The cur-

rent processes and framework conditions in the construc-

tion industry often lead to schedule and cost overruns as 

well as to construction defects that can only be eliminated 

at great expense. This happens even in projects that are 

relatively well organized and despite the great efforts of 

the project team. The main reason for this is the traditional 

linear planning process (Spieth et al., 2016). Lean con-

struction has been one of the innovative methods to over-

come the weaknesses of the conventional approach. Lean 

construction incorporates the following principles (Singh 

& Kumar, 2020): Specification of the value from the cus-

tomer's point of view, Just-In-Time approach, Continuous 

Improvement (PDCA), Value stream-oriented approach, 

Flow principle and Pull principle instead of Push. 

Lean construction is a philosophy based on the lean prin-

ciples of Taiichi (Toyota Production System) (Saieg et al., 

2018) and had been developed as lean manufacturing 

principles from the automotive sector and was further de-

veloped as lean construction and lean philosophy. The 

goal of lean construction is thus continuous improvement, 

waste reduction and high-quality management of projects 

and supply chains, as well as improved communication on 

the construction site and within the team. The approach is 

based on the idea of continuously improving the entire 

project and its sub-processes collaboratively in planning 

and execution. This needs accessible and transparent in-

formation and data management. Only then excellent pro-

cesses on the construction site can be achieved.  

 

 
Figure 2: Pull principle (Günther & Tempelmeier, 2012) 

According to (Günther & Tempelmeier, 2012) the cus-

tomer triggers the production process with a demand-ori-

ented order, so that production is customer-oriented. Pro-

duction is structured according to the pull principle, so 

that each production step triggers production for the re-

spective upstream step. This approach creates a demand 

pull. The order or demand of information is passed on 

from production step to production step antiparallel to the 

material flow (Figure 2). Figure 3 shows the PDCA cycle 

that can be used to successfully implement continuous im-

provement. It describes the sequence by which activities 

can be carried out and subsequently evaluated and im-

proved. The cycle enables constant improvement of the 

activity by constantly going through the cycle. The appli-

cation of the PDCA cycle in data acquisition planning is 

promising, as it ensures that data acquisition activities on 

the construction site are carried out efficiently and their 

duration is reduced to a minimum. 

 
Figure 3: Continuous improvement (Spieth et al., 2016) 

Automated and UAV-based data acquisition  

As stated before due to the labor-intensive, error-prone, 

and inefficient flight planning, it is necessary to optimize 

the current manual data acquisition process and to auto-

matically generate the flight plan for data acquisition 

based on a BIM with optimal coverage with lean princi-

ples.  

The authors Aryan et al. provide an overview of previous 

UAV-based P4S approaches (Aryan et al., 2021). In the 

approach by Bolourian & Hammad the shortest path of the 

flight plan is computed using the genetic algorithm, ob-

stacle avoidance using the A*-algorithm, and ray tracing 

calculation for the optimal coverage during acquisition 
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based on a 3D model. The POIs for the UAV mission are 

determined manually (Bolourian & Hammad, 2020).  

The concept of Morgenthal et al. proposes a UAV-based 

bridge inspection, in which the POIs are first determined 

with a defined distance to the entire structure and a grid 

lying on the structure shell, which must be flown by the 

UAV. The basis is a 3D model or an initial manual flight, 

which was transformed into a polygon mesh (Morgenthal 

et al., 2019). The authors point out further research needs, 

especially in intelligent flight planning to consider quality 

criteria of the information to be generated as well as envi-

ronmental and technological effects in UAV-based data 

acquisition. The co-author Debus & Rodehorst extend 

their method in that the bridge inspection is based on dif-

ferent levels of interest (LOI) (Debus & Rodehorst, 

2021b). For each defined LOI, viewpoints are computed 

with the camera field of view that sufficiently covers the 

corresponding LOI, while the number of images is re-

duced to a minimum. Based on this, the authors use the 

“greedy algorithm” to find the selection of viewpoints that 

cover the entire structure. Each of the calculated view-

points is at a defined distance from the surface of the 

structure. The authors do not provide any information on 

possible validation of the flight plan, nor on the format 

and interfaces to the UAV. Debus & Rodehorst introduce 

quality criteria for planning the flight path of image-based 

as-built inspection for the evaluation of flight path plan-

ning (Debus & Rodehorst, 2021a). For each quality crite-

rion, a procedure is proposed that measures the degree of 

fulfillment of the quality requirements. The proposed 

quality criteria are promising for image- and UAV-based 

acquisition but need further development for LiDAR-

based acquisition. 

For UAV acquisition missions, the identification of POIs 

to be flown is crucial and their automated derivation from 

the BIM is a core element of this research. The first ap-

proach by Biswas et al (Biswas et al., 2015) and Biswas 

(Biswas, 2019) focuses on the acquired surfaces of the 

building components when planning single standpoints of 

a terrestrial laser scanner (TLS), since not only a single 

point must have sufficient accuracy, but also the acquisi-

tion of as many surfaces of building components as pos-

sible. Fully automatic coverage planning can be supported 

by BIMs according to the review of Aryan et al. (Aryan et 

al., 2021), although only the two methods Biswas et al. 

(Biswas et al., 2015) and Heidari & Varshosaz (Heidari & 

Varshosaz, 2016) have proposed a P4S method for cover-

ing surfaces within a BIM. Heidari & Varshosaz (Heidari 

& Varshosaz, 2016) discretizes surfaces of components 

with homogeneously distributed point sets and reduces 

the surface coverage problem to point coverage. In con-

trast, Biswas et al. (Biswas, 2019) tries to determine the 

actual surface coverage of the components. From the au-

thor's point of view, the use of the surface of the compo-

nents is advantageous, as it allows a higher accuracy to be 

achieved since this can be matched with the surfaces of 

the BIM components. Also, surfaces can be derived from 

the IFC file and the BIM in the 4D-Software.  

An approach for automatic indoor data acquisition using 

LiDAR sensors on an Unmanned Ground Vehicle (UGV) 

is presented in (Ibrahim et al., 2019). This approach is 

based on a 3D model, although 2D site plans are generated 

and used for the planning. Ibrahim & Golparvar-Fard 

build on this method and extend it for outdoor data collec-

tion using UAV and photogrammetry (Ibrahim & Golpar-

var-Fard, 2019). The developed approach first generates 

standard flight planning templates, which can subse-

quently be manually adjusted with a visual assessment 

and safety check. The application of a multi-criteria ge-

netic algorithm enables the optimization of flight plan-

ning. The results of the executed and simulated data ac-

quisition are not analyzed at first. Ibrahim et al. then pre-

sent metrics and methods for evaluating BIM-supported 

data acquisition planning, which can be applied to cam-

era-equipped UAVs or ground vehicles (Ibrahim et al., 

2021). The metrics and methods of the authors consider 

six criteria: (1) visual coverage of components in acquired 

photos, (2) resolution of each captured component using 

the surface sampling distance (SSD) represented by each 

back-projected pixel, (3) alignment of the camera position 

with the component, (4) expected stability of the recon-

struction of the components, (5) regulatory compliance 

(VLOS), and (6) battery power during the data acquisi-

tion. The metrics are evaluated in different experiments 

and can be used for the verification of BIM-based plan-

ning of data acquisition from camera-equipped systems.  

 

Figure 4: Concept for the lean data acquisition process (LDAP) 
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Freimuth & König follow a different approach and derive 

optimized, oriented bounding volumes of the objects con-

tained in the BIM, the data acquisition planning is then 

done by a grid lying on the building hull with a corre-

sponding safety distance (Freimuth & König, 2015). 

Later, approaches are investigated where the possible nav-

igation volume is described by not occupied voxels, from 

which the flight path planning is derived (Freimuth et al., 

2017). The concept is then further extended in (Freimuth 

& König, 2018) and (Freimuth & König, 2019). The UAV 

uses built-in cameras during the flight to detect and fly 

around obstacles that are not included in the BIM. Fur-

thermore, an additional software component compares the 

acquired point cloud data with the BIM during the aerial 

flight and thus enables an automatic object-related com-

pleteness check. The approach was evaluated in simula-

tions to be executable on real UAVs. In contrast to Frei-

muth & König, in the presented research the POIs are de-

rived based on the semantic and geometric information of 

the 4D-BIM via the IFC interface (Krijnen, 2021) (or in a 

4D-Software) and the surfaces of the components. In ad-

dition, the simulation of the acquired LiDAR-based point 

clouds and an analytical evaluation and completeness 

check of the acquired data are performed to fulfill quality 

criteria and to optimize the flight planning before the ac-

tual flight.  

The approaches of Hamledari et al. (Hamledari et al., 

2018), (Hamledari et al., 2021) build on the approach of 

Lin et al (Lin et al., 2013) and use a 4D-BIM in IFC as a 

basis already. The activities and associated components 

for which data acquisition is required are manually fil-

tered in the IFC using a simple interface, e.g., in terms of 

completion date or responsible sub-contractor. Subse-

quently, the components are displayed in the freely navi-

gable space of the floor plan to generate a series of POIs 

that ensure complete coverage of the identified elements. 

Following this, the shortest distance of the data acquisi-

tion positions was calculated. The method was tested us-

ing real aerial flight, but no simulation or verification of 

the proposed acquisition planning was performed. In this 

presented research, a simulation and evaluation of the data 

acquisition planning will be performed, including verifi-

cation of the completeness and quality of the acquired 

data to guarantee data quality.  

The comprehensive literature review of completed and 

still ongoing research projects shows that UAV-based 

data acquisition should be automated to determine POI 

and flight plan based on 4D-BIMs and to design, simulate 

and validate the flight plan in an automated manner. No-

table advantages here include that only the necessary data 

is acquired and the minimization of the intervention in the 

operative day-to-day business. The generated flight route 

should be optimized considering flight duration, battery 

capacity, degree of coverage of the components, the 

UAVs movement options, expected weather conditions 

during the planned flight, payload and take-off weight, as 

well as the size of the UAV. In addition, research is 

needed on how POIs can be determined from 4D-BIMs in 

IFC (or in 4D-Software) and which methods are suitable 

for deriving POI and flight plans from this in an auto-

mated data acquisition planning. Furthermore, an evalua-

tion of the flight plan with real environmental conditions 

is necessary to identify further influences and to integrate 

them into the design that has a decisive influence on the 

data acquisition. Currently, there is a lack of generally ac-

cepted quality criteria for UAV-based LiDAR data acqui-

sition that can be used to check the acquired data in terms 

of coverage, completeness and accuracy and the flight 

route in terms of POI must be flown and flight duration. 

Concept for model-based flight planning to 

automate data acquisition  

An approach to automate the data acquisition planning in 

bridge construction is presented. An overview of the con-

cept for the lean data acquisition process (LDAP) is pro-

vided in Figure 4. 

Initiation of data acquisition 

The main hypothesis of our research is that any data ac-

quisition should serve a certain information need and use 

case. The initial phase of the research involves cataloging 

and categorizing the data and information to be acquired 

according to guidelines and standards as well as compa-

nies internal reporting system. This includes the evalua-

tion of current processes of bridge construction, to deter-

mine which processes can be assisted with UAV auto-

mated data acquisition. After cataloging and categorizing, 

the data acquisition will then be initiated for example, by 

events in the construction progress, e.g., the scheduled 

construction of components. This procedure ensures that 

only relevant data is acquired during the LDAP. The 

LDAP involves flight planning (Plan), simulation of the 

data acquisition (Do), assessment of the data acquisition 

process (Check) and adjustment of the flight path (Act).  

 

 

Figure 5: Derivation of POIs 

Plan – Flight planning 

The derivation of the flight plan for the semi-autonomous 

aerial survey is done from the 4D-BIM in the vendor-neu-

tral and open data format IFC or in a 4D-Software 

(see Figure 4). Based on the 4D-BIM, relevant compo-

nents are identified event- and demand-oriented by the as-

sociated processes analogous to (Hamledari et al., 2021) 

and POIs are derived for the UAV-based data acquisition. 

This is done by deriving the component surfaces of the 

relevant operations and the corresponding IFC entities 

(IfcTask, IfcBuldingElement, IfcCartesianPoint). The 

premise for the calculation of the POIs is, among others, 

the configurations of the laser scanner (vertical and hori-

zontal field of view). 
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Figure 6: Simulation of UAV-based data acquisition 

In this way, it can be ensured that the flight path to be 

flown provides optimum LiDAR coverage and quality 

during the data acquisition process. The flight plan will 

then be computed using search algorithms.   

Do – Simulation of the data acquisition 

A simulation of the flight plan is performed with the soft-

ware AirSim (Shah et al., 2017) to validate the data acqui-

sition mission regarding the quality of the acquired data. 

LiDAR sensors are carried by the simulated UAVs that 

follow the planned flight path and continuously acquire 

synthetic data. There is no need for registration of the ac-

quired synthetic data because all points are transformed 

according to the position of the UAV and referenced to a 

common coordinate system. In addition to the real color 

values, the labels corresponding to the component classes 

are also acquired. The simulation reports contain infor-

mation about the measured power consumption, the mis-

sion duration, and the captured segmented point cloud. 

The simulation can consider real aerodynamic behavior 

and possible disturbances. Disturbances occur, among 

others, in the form of gusts that can temporarily displace 

the UAV and in the form of distorted GNSS reception that 

leads to inaccurate position measurements.  

Check – Assessment of the data acquisition 

The simulation is followed by the evaluation of the aerial 

survey. Here, the methods of Debus & Rodehorst and Ib-

rahim et al. (Debus & Rodehorst, 2021a; Ibrahim et al., 

2021) are used and extended concerning the acquisition 

technology. Statistical methods are used to determine the 

quality criteria (LOC, LOA and LOD) of the synthetic 

point cloud to ensure the correct requirements of each 

component. The following criteria also contribute to the 

evaluation of the flight plan: the objective of the data ac-

quisition, i.e., construction progress monitoring; collision 

avoidance, for visibility of UAV and distance compliance 

check due to regulations; environmental influences, e.g., 

wind; and UAV data, i.e.: flight speed, positioning accu-

racy and GNSS coverage.  

The procedure of the automatically designed, simulated, 

and validated data acquisition process shall be performed 

continuously until the desired results are achieved in the 

simulation. This enables the planning of an automated and 

LiDAR-supported UAV data acquisition. The UAV is 

then able to operate (partially) autonomous based on the 

flight plan, which exclusively acquires the components in 

the desired quality, sufficient accuracy, density and com-

pleteness. The comparison between the as-designed, 

as-simulated and as-flown flight plan can also contribute 

important knowledge for the optimization of future data 

acquisition planning. 

Act – Adjustment of the flight path 

An adjustment to the flight plan can be made if the evalu-

ation of the simulation process reveals that the flight plan 

is inadequate in terms of flight parameters or data quality. 

If the flight duration exceeds the flight time limited by the 

battery capacity, for example, a return to the launch site 

for a battery exchange must be planned. In addition, 

weather conditions or local conditions may result in the 

need to adjust the flight plan. If the quality of the data in 

the acquisition is judged to be insufficient, e.g., in terms 

of coverage or density (see Figure 7), the POIs must be 

adjusted, and additional POIs may also have to be added. 

The adjusted flight plan can then be transferred to the 

UAV for semi-autonomous flight data acquisition.  

 

 
Figure 7: Synthetic data acquisition with the segmented point 

cloud. 
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Semi-autonomous flight data acquisition  

Based on the LDAP, the semi-autonomous aerial survey 

can now be performed. Despite a careful realistic simula-

tion of the aerial mission, unexpected obstacles may occur 

on the UAV's flight path. Therefore, it is necessary that 

the UAV itself is equipped with collision avoidance sys-

tems and can independently detect and avoid obstacles. In 

addition, the intervention of the UAV pilot is necessary in 

individual cases to resolve exceptional situations. 

Conclusions and Outlook 

This paper proposed a novel approach for data acquisi-

tion, the so-called LDAP (lean data acquisition process). 

The UAV-based data acquisition process is initially 

event-based and demand-oriented triggered and most im-

portantly process-related, considering the pull principle 

and continuous improvement according to the PDCA cy-

cle. The step of cataloging and categorizing collectible 

data and the determination of which processes can be as-

sisted by a UAV has not been done yet. The flight plan is 

first automatically planned based on the 4D-BIM in the 

IFC format or in a 4D-Software, then realistically simu-

lated, validated, uniformly evaluated and adjusted if 

needed. This concept ensures that only relevant data and 

information from the construction process are acquired.  

 

The acquired data can then be used to update the 4D-BIM 

(especially scheduling processes) with the component-

specific information. This can be done by detecting sur-

faces within the acquired data and matching them with the 

4D-BIM to confirm whether the component is present or 

not. This allows an efficient process of construction pro-

gress control. Furthermore, the acquired data can be used 

to geometrically update the 4D-BIM, for example using 

IfcOpenShell (Krijnen, 2021). This ensures the generation 

of accurate as-built models for the operation phase.  

In addition, the generated synthetic data from the simula-

tion and the realistic flights can be used as training data 

for the machine learning methods (Scan2BIM) for objects 

detection or other purposes.  

 

The presented novel approach is currently being imple-

mented successively, with the focus on UAV flight plan-

ning and simulation. Further research tasks include firstly 

cataloging and categorizing the data and information 

which are generated on construction sites and could be ac-

quired by UAVs based on the 4D-BIM. This includes the 

definition of quality criteria such as LOC and LOD which 

specific required values to fulfill subsequent processes. 

Secondly, the elaboration and implementation for geo-

metrically updating and semantically enrichment of the 

4D-BIM for construction progress control. The updated 

model provides the ideal prerequisite for the operation and 

maintenance phase. The approach ensures automated and 

quality-assured data acquisition at short cycle intervals, 

which is beneficial not only for project management of the 

construction but also for the operation and maintenance 

phase, as the as-built model represents the actual built sit-

uation. 
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Abstract 
We propose a mobile 3D reconstruction method for 
improving the precision and density of point clouds. It is 
suitable for hand-held scanners comprised of a colour 
camera and a lidar. We fuse time-synchronized and 
spatially registered images and lidar sweeps using deep 
learning techniques into dense scans, which are then used 
for progressive reconstruction in an odometry-like 
manner. We build a prototypic scanner and test our 
method in an indoor case-study. The results show that our 
pipeline outperforms reconstructions by other devices and 
methods, yielding relatively denser and detail-preserving 
point clouds with a 67% reduction in noise of 
reconstructed planar surfaces. 

Introduction 
Construction professionals do not follow hard-and-fast 
rules while collecting geometric data of objects. On one 
extreme, a plumber might use a tape to measure the length 
of a pipe against the design specifications. On the other 
hand, an inspector will probably use a static laser scanner 
to document the as-is state of a whole asset while 
performing quality control. Part of the reason behind the 
diversity of rules is a lack of general guidelines. The 
method used by a professional will be rather intuitive and 
depend on the requirements of the task at hand. There are 
many technologies currently on the market which can 
reconstruct infrastructure scenes, filling the needs of some 
use cases that exist between the two mentioned extremes. 
 However, professional scanning tools become more 
and more mobile in contrast to well established 
static/terrestrial laser scanners such as FARO (2016). 
Mobile scanners bring the hope of increased productivity 
unlike their terrestrial counterparts, for which the effort 
spent on acquiring data is substantial, followed by even 
more substantial post-processing (BIM task group, 2013; 
Kalyan et al., 2016). Mobile scanners such as those 
produced by GeoSLAM (n.d.) or Smith (n.d.) enable 
faster scanning and eliminate the need for time-
consuming single-place data capturing, followed by 
painstaking registrations of individual scans. 
 Nevertheless, the mobility of these devices comes at a 
cost. The top 2 desirable attributes of mobile scanners are 
point cloud resolution/density and point cloud accuracy 
according to one of the biggest recent surveys in the 
AECO (Architecture, Engineering, Construction, 

Operation)  industry (NavVis et al., 2021). The same 
survey further shows that the key barriers to further 
market penetration of mobile scanners are the lack of 
accuracy and reliability of obtained point clouds. 
 We adopt a geodetic concept of accuracy presented by 
USIBD (2016) where it is split into ‘Precision’ and 
‘Correctness’. We define ‘Precision’ as the standard 
deviation (noise) of part of a point cloud (for example, the 
spread of points on a planar wall) while ‘Correctness’ is 
the absolute position of points against their true value. For 
simplicity, the former can be thought of as a local attribute 
of a point cloud related to the random noise on 
measurements of a sensor which produced it while the 
latter corresponds to the systematic error of a scanning 
device such as a drift that mobile scanners suffer from. 
 Another point cloud attribute closely related to 
reliability and accuracy is resolution. According to 
USIBD (2016), the resolution of point clouds coming 
from laser scanners should be such that the points are not 
far away from each other compared to the diameter of the 
beam of a laser scanner. For example, some details on a 
wall would be missed if spaces between points are too 
large. On the other hand, decreasing the distances between 
points to a value smaller than the diameter of the beam 
results in redundancy in data. However, problems with too 
low resolution are dominant in practice, especially when 
the distance to the scanning objects increases. 
 Due to the above reasons, we focus on improving the 
precision and resolution of point clouds in this paper. We 
propose a novel mobile 3D reconstruction method where 
the key distinguisher and novelty compared to all the other 

Figure 1: Our prototypic scanner (left); an indoor scene 
reconstructed using the proposed method (right). 
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mobile state-of-practice (SOP) and state-of-the-art 
(SOTA) scanning solutions are twofold: (1) we first 
considerably densify sparse lidar scans by fusing them 
with high-resolution colour images; and (2), we use these 
densified scans to reconstruct a scene progressively. For 
the 1st part, our system utilizes recent advances in spatial 
Artificial Intelligence (AI) where colour images are fused 
with lidar depth measurements in a deep learning-based 
task named image-guided depth completion. This task 
aims at increasing the resolution of the relatively spare 
lidar scans. For the 2nd part, we utilize an ICP-like self-
localization method to stitch the densified scans with each 
other in near real-time which results in the progressive 
creation of the scanned scene. This is otherwise known as 
odometry, which falls within a broader category of 
robotics/computer vision called SLAM (Simultaneous 
Localization and Mapping) (Cadena et al., 2016). 

We build a prototypic hand-held scanner consisting of 
a suite of a camera and a lidar (Figure 1 on the left), 
implement our method as a software package for the 
scanner and test the whole in an indoor case study (Figure 
1 on the right) to verify our method. The results show that 
our proposed method outperforms the current indoor 
scanners, such as Google Tango (Marder-Eppstein, 2016), 
or LOAM-based reconstruction methods (Zhang and 
Singh, 2014), with around 67%-increase in the precision 
of reconstructing flat surfaces. Also, our point cloud more 
reliably represents the reconstructed object by preserving 
more of its details. 
 Before we proceed to the specifics of our method and 
the case study, however, the subsequent section reviews 
the SOTA mobile reconstruction methods and the related 
image-guided depth completion algorithms. 

Related work 
State of the art in mobile mapping 
The performance of general mapping methods is often 
compared on the KITTI odometry benchmark (Geiger et 
al., 2012). KITTI ranks the methods according to their 
average translation error between the estimated trajectory 
and the ground truth. According to this ranking, visual-
lidar methods (Zhang and Singh, 2015) and lidar-only 
ones (Zhang and Singh, 2014) are the best with the former 
having a minimal advantage. A recent deep learning-
based approach (Yang et al., 2020) has over 60% worse 
performance compared to the first method, and a 
monocular visual odometry technique (Buczko and 
Willert, 2017) has an error of more than twice as high as 
the baseline. Further subsections will focus on the caveats 
of these methods. 
 In visual odometry, a set of features such as two-
dimensional intensity discontinuities (commonly called 
corners or key-points (Cipolla, 2017)) has been used to 
hand-craft the dominating feature-based approaches. 
Noisy corners are back-projected into such a 3D point 
cloud and sensor poses that maximise the probability of 

obtaining these corners (Engel et al., 2016). Recent 
approaches include (Mur-Artal and Tardos, 2017; Tang et 
al., 2019). 
 Lidar odometry methods minimise the geometric error 
of subsequent lidar range measurements, named further 
sweeps or scans. Subsequent sweeps are matched to a 
progressively built 3D model consisting of previously 
registered scans. The methods vary across geometric 
features extracted from scans and the way they are 
sampled. Some recent works include (Deschaud, 2018; 
Shan and Englot, 2018; Zhang and Singh, 2014).  
 Ultimately, there are mixed-commodity mapping 
approaches combining visual and lidar odometries. They 
bring a challenge not observed in the previous 2 
paragraphs: how to fuse data coming from various 
domains together, for example, sparse range 
measurements of a lidar and dense planar images. Some 
recent approaches designed to address this problem are 
(Graeter et al., 2018; Zhang and Singh, 2018). 

Image-guided depth completion techniques 
Described in the previous paragraph camera-lidar fusion 
can be viewed from a different perspective, namely, how 
to use a substantially denser camera to densify sparse lidar 
measurements. Depth densification methods belong to 
more exotic tasks in computer vision dominated recently 
by deep learning. Depth densification can be further split 
by what the specific input to their algorithms is. It is of 
particular interest to investigate methods which take both 
images and lidar scans as input because they might 
synthesize with the camera-lidar odometry methods 
described in the previous paragraph. Such methods often 
fall within the term image-guided depth completion 
(IGDC). 

IGDC uses substantially denser colour images to 
densify sparse lidar measurements (Ma et al., 2019). An 
algorithm predicts how to complete the gaps between 
sparse lidar measurements guided by images from the 
camera. More specifically, neural networks regress the 
depth of each pixel in the depth map. The difference 
between the sparse lidar depth maps and dense 
counterparts can be seen in Figure 3 c) and e), or d) and 
j). Such methods usually compare their performance on 2 
datasets: (1) indoor NYU Depth Dataset by Silberman et 
al. (2012) and (2) outdoor KITTI Depth Completion 
dataset by Uhrig et al. (2017), both of which provide 
registered pairs of sparse depth maps and images along 
with the corresponding dense depth maps as ground truth. 
Since our paper deals with indoor scenes, only the 
performance on the first dataset is of interest. According 
to Imran et al. (2021), the top 3 indoor IGDC methods are 
those by Imran et al., (2021), Park et al. (2020) and Xiong 
et al. (2020).  

The limitation of IGDC methods is that they only 
reconstruct dense scenes from single points of view. Also, 
due to their reliance on end-to-end deep learning 
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techniques, they are very much sensor dependent. This 
means that they cannot be used “out-of-the-box” with 
custom cameras and lidars. 

Objectives of this paper 
The mentioned odometry methods focus on better 
estimation of trajectory which might then result in 
improving the correctness of the overall point cloud. The 
IGDC techniques, on the other hand, try to improve the 
precision and density of point clouds taken from single 
points of view. The goal of this paper is to combine these 
two methods in the hope of improving the precision and 
density of progressively built scans in an odometric 
manner. 

System overview 
Our system aims at achieving precise and dense scans 
from a mobile scanner by processing the collected 
sequences of time-synchronized and spatially registered 
pairs of RGB images and lidar scans. Unlike the other 
SOP and SOTA odometry solutions, our method: (1) first 
considerably densifies sparse lidar scans using RGB 
images; and (2) uses these densified scans to reconstruct 
a scene progressively. For the 1st part, we utilize deep 
learning-based image-guided depth completion which 
uses images to intelligently increase the resolution of the 
lidar scans. For the 2nd part, we utilize an ICP-like self-
localization method to stitch the densified scans to each 
other which results in the progressive building of the 
transversed scene. The combination of these two is the 
key novelty and distinguisher from all the other methods. 
A high-level description of our solution is presented in 
Figure 2. It consists of 3 major steps, each of which is 
described in detail in the following subsections. Figure 3 
shows partial outputs of the key processes. 

Data preparation 
The input (images and lidar sweeps) to the following 
densification method must be aligned in space and 
synchronized in time so that the corresponding images 
and lidar sweeps represent the same scene from the same 
point of view captured at nearly the same time. 
 The camera and lidar need to be synchronized in time 
because they are being moved while scanning, and the 
sensors send images and lidar sweeps at different 
frequencies. For example, our camera shoots images at a 
frequency of around 50 Hz while lidar sends its scans at a 
frequency of around 10 Hz. These frequencies also 
slightly fluctuate in time, hence a need to select such an 
image and a lidar sweep that are maximally consistent 
with each other at a given moment. 

We achieve that by a standard synchronisation policy 
developed by ROS (n.d.) that selects pairs of images and 
sweeps such that their difference in timestamps is minimal 
and neither of them was synchronised before. This will 
ensure that they represent the same part of the scene and 
their uniqueness among the other pairs. The timestamped 
streams of images and lidar sweeps are symbolized by the 
“++” signs at the top left part of Figure 2. 
 There is a lot of redundancy in such streams of data 
given the synchronised signals will be of frequency close 
to that of the lidar (10 Hz) and a person using the device 
will be moving with it at around walking speed. Hence, a 
necessity to discard the already “seen” part of a scene, 
and, at the same time, to capture images and sweeps that 
partially overlap with already reconstructed parts of the 
scene so that they can be registered. Our system is 
constantly monitoring if the user has moved or rotated the 
scanner by certain thresholds based on an odometry 
method described in the following sections. For example, 
the system picks a new key pair of an image and a scan 

Figure 2: High-level overview of the proposed method (read from top left to right). 
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when the user holding the device walks 1 meter in any 
direction or rotates it by 20 degrees. Such key pairs can be 
seen in Figure 3 in the first 2 rows. 
 Image undistortion follows a procedure described by 
OpenCV (n.d.). It corrects images in such a way that all 
edges that are straight in reality, are also straight in the 
images. To use this method, however, the camera must be 
intrinsically calibrated.  
 Intrinsic calibration of a sensor aims at estimating its 
internal parameters so that its output is useable and 
meaningful. We assume that our camera follows a pinhole 
camera model which includes its intrinsic matrix and lens 
distortion coefficients. These parameters are estimated 
using a standard calibration procedure described by 
OpenCV (n.d.). The camera calibration is also needed to 
project lidar points onto images which is the last process 
in our data preparation step. 
 Corresponding images and lidar scans need to be 
overlaid/registered onto each other so that the input to the 
subsequent densification process is consistent in space. 
We achieve this by projecting lidar points onto image 
space which creates sparse depth maps with pixels 
containing the distances from the origin of the camera to 
the given 3D points. Camera calibration described in the 
previous paragraph provides a way to project 3D points 
onto the image space. However, this projection happens 
in the camera coordinate system which is different from 
the lidar’s coordinate system. We estimate a Euclidean 
transformation (rigid-body translation and rotation) 
between the sensors using a SOTA camera-lidar extrinsic 
calibration method described by (Huang and Grizzle, 
2020) to provide a mapping between these two coordinate 
systems. On a side note, we obtain 3D points of the lidar 
in Cartesian coordinates based on raw sensor 
measurements following the manufacturer’s manual and 
incorporating the default lidar intrinsic parameters. 
Thanks to this, the stream of sweeps coming from the lidar 
is spatially correct up to the precision level declared by 
the manufacturer. Also, we assume that the motion 
distortion caused by holding the scanner at a walking 
speed while scanning is negligible. 

Lidar depth maps densification using images 
The time-synchronized and spatially registered key 
images and sparse lidar depth maps (Figure 3 a, c and b, 
d) are the input to the first main step in our pipeline – the 
densification method whose presence is the key 
distinguisher from all the other SOP and SOTA mobile 
scanning methods.  
 We have decided to integrate the image-guided depth 
completion algorithm by Zhang and Funkhouser (2018) 
because the way it was designed and trained allows us to 
use this method with our camera and lidar without 
significant retraining. Also, we considered such factors as 
open-source availability and the hardware the method was 
trained on in our selection process. The algorithm first  

a) b) 

c) d) 

e) f) 

g) h) 

e) j) 

k) l) 
Figure 3: Partial outputs of reconstruction processes outlined 

in Figure 2. Pairs a) c) and b) d) show time-synchronized 
undistorted camera images and sparse lidar depth maps; e) 

and f) portray predicted normal vectors of surfaces; g) and h) 
represent predicted occlusion boundaries; e) and j) portray 

regressed dense depth maps; k) and l) show the back-projected 
depth maps in the form of point clouds 

predicts surface normals as well as occlusion boundaries 
using deep neural networks (the processes in the middle 

Page 257 of 605



part of Figure 2). For example, the former is colour-coded  
in Figure 3 e) and f), with black normals pointing towards 
the camera and those pointing upwards marked in blue. 
The latter are shown in Figure 3 g) and h) and are split 
into 3 classes: i) a boundary (marked in red); ii) an 
occlusion boundary as depth discontinuity (colour-coded 
as green); and iii) surface normal discontinuity (blue). 
Next, the surface normals are weakened at those places 
where occlusion boundaries have been inferred, and, these 
two information maps are used to compute a dense depth 
map (Figure 3 e) and f)) using a standard optimization 
method (bottom middle of Figure 2) as described by 
Zhang and Funkhouser (2018). 

Odometry 
We back-project the individual pixels from the predicted 
dense depth maps and associated colour images to RGB-
XYZ points in 3D space in the camera-centred coordinate 
system using the camera intrinsic matrix, thus obtaining a 
colour point cloud (the top process in odometry in Figure 
2 with examples in Figure 3 k) and l)). We do that using 
standard trigonometric relationships between the camera-
centred spherical coordinate system and its Cartesian 
equivalent. 
 All the processes up to this point described 
reconstruction relative to the camera’s internal reference 
frame which moves as the device does. However, the final 
3D model should be in a static frame, named here scene 
(as shown in the bottom-left part of Figure 4a). The 
process of the sensor-to-scene translation is achieved via 
odometry which “glues” the single camera-centred dense 
point clouds. 

The trajectory of the device is estimated in 2 steps: we 
first compute simple sweep-to-sweep odometry which is 
then refined with dense-scan-to-dense-scene odometry. 
For the former, a lidar-only ICP-based method is used. Its 
result can be seen in Figure 4a where the trajectory 
(marked in purple) was not estimated good enough to 
allow for proper registration of the two densified scans. 
Therefore, this trajectory is corrected by finely registering 
the dense point clouds to the already accumulated partial 
scene as shown in Figure 4b. 

Finally, the progressive reconstruction can take place 
by accumulating the scene-referenced point clouds as 
presented in Figure 4c. This last step closes the proposed 
framework. 

Results 
This section provides results on the performance of the 
proposed system in an indoor environment. We 
reconstruct a cupboard with a chest of drawers using the 
proposed method and compare it to the reconstruction 
from a Google Tango. 

 We reconstructed the scene around 10 times 
using different settings which Google Tango offers. The 
most precise reconstruction was selected for comparison 
here with our method. It must be noticed, however, that 

the Google scanner had difficulties reconstructing the 
scene. The reason for this might be the fact that the scene 
has very few distinct features with the walls and the pieces 
of furniture blending and being quite homogenous. We 
hypothesize that the underlying technology behind 
Google Tango – visual odometry – struggles in cases of 
featureless areas. This fact is also pointed out by Engel et 
al., (2016). 

 

a) 

 

 
b) 

c) 
Figure 4: Odometric reconstruction of an indoor scene using 

our method. 

Qualitative 
The qualitative comparison between our reconstruction 
and that of Google Tango can be seen in Figure 5. The 
green and red circles indicate regions that are of particular 
interest for the comparison. Judging by images a) and b) 
in Figure 5, our reconstruction (on the left) seems more 
precise than that one on the right. Moreover, such details 
as the handles of the lockers are more realistically 
reconstructed. Also, the reconstructed surface of the front 
door in the cupboard is indeed flatter than that on the right. 
Besides, the side of the drawer is more uniformly and 
more densly mapped than that of Google Tango which 
contains voids. Moving on to images c) and d) in Figure 
5, the gap between the cupboard and the drawer seems 
better pronounced in our scan on the left than in that on 
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the right. In reality, there was around a 2cm gap between 
these 2 pieces of furniture which is more realistically 
reconstructed by our method.  Pictures e) and f) show that 
our point cloud is crispier when it comes to reconstructing 
the handles of the drawer. 
 

a) b) 

c) d) 

e) f) 
Figure 5: Qualitative comparison of reconstructions by our 

method (on the left) and by Google Tango (on the right). 

On a side note, the final precision of the scene-
referenced scans can be influenced by 2 factors: i) 
precision of our integrated image-guided depth 
completion method; and ii) the precision of registering the 
neighbouring dense scans in an odometry-like manner. In 
our experiment, we measure the combined impact of both. 
The attentive reader might also notice small undesirable 
artefacts in the point cloud produced by our method. For 
example picture k) in Figure 3 shows that some edges 
contain small indentations (particular on the cupboard) 
and smarming effects (on the radiator). The former are 
likely caused by inaccuracies in the camera-lidar 
calibration, subsequent projection of lidar scans onto 

image space, and finally, the densification method which 
is confused between not precisely overlaid image-realted 
feature maps and lidar depth maps. For the former, 
individual pixels in images cannot be unambiguously 
assigned to either the edge of an object or its background 
due to the nature of the image formation process in the 
camera. In other words, the boundaries will be blurred 
after zooming in to edges even when the image seems 
sharp. 

Quantitative 
We compare the precision in reconstructing flat surfaces 
to qualitatively evaluate our method. Specifically, a part 
of a flat surface has been extracted from the whole 
reconstructed scene as shown in Figure 6, and its precision 
was compared to the corresponding patch from the point 
cloud obtained by the LOAM odometry method which is 
de facto the best SOTA lidar-only 3D mapping method 
according to the KITTI odometry benchmark. 
 We simply fit planes to the extracted planar patches of 
the point clouds and compute the Root Mean Squared 
Errors (RMSE) after fitting the planes. We execute this 
computation in Cloud Compare and the results are 
presented in Table 1. We multiply the RMSE by 2 in the 
table to relate it to 2 standard deviations, which in turn, 
cover 95% of the distances between the points in the 
extracted patches and the fit planes assuming that the 
distribution of the points is Gaussian. 

 Quantitative results seem to confirm that our 
method yields more precise reconstruction overall. The 
noise level on a flat surface is decreased from 29.8 to 9.8 
mm which results in a 67% reduction compared to 
LOAM. We could not compute the noise level of the flat 
surface in the scans by Google Tango though because the 
feature allowing to download the scans did not seem to 
work properly. 

Discussion & conclusion 
In this paper, we provided a novel 3D reconstruction 
pipeline for hand-held scanners comprising an RGB 
camera and a lidar. Our contribution lies in the 
combination of camera-lidar fusion and odometry, where 
the resulting dense and precise scans are used for 
progressive mapping in an odometry-like manner. To the 
best of our knowledge, the aforementioned combination 
makes for the first such framework in the world. 
 We built a prototypic scanner and tested our method 
in an indoor case study where 2 pieces of furniture were 
reconstructed. Our indoor experiment on reconstructing a 
cupboard with a chest of drawers shows that our pipeline 
has the potential to work well as it outperforms the current 
SOP and even SOTA lidar-based mobile methods. The 
results show that the proposed pipeline can outperform 
reconstructions by Google Tango and LOAM. The 
obtained scans are relatively denser and more precise with 
a 67% reduction in noise of reconstructed planar surfaces. 
Moreover, our method allowed us to capture more details 
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of the scene such as drawer handles and gaps between the 
pieces of the furniture. 
 Our method can also improve the estimation of the 
trajectory of the mobile device if that is the goal. The 
simple sweep-to-sweep ICP-based lidar odometry 
revealed that the vertical movements are not estimated 
even close to the true trajectory. This is because the lidar 
fixed horizontally to the device and held horizontally by 

the user does not measure any changes in the vertical 
direction. Also, we noticed that the drift grows 
significantly and it makes it hard to reliably reconstruct a 
scene using only this simple odometric technique. 
Therefore, the proposed refinement step is justified. It 
uses the dense scans coming from the camera-lidar fusion 
which can be way easier registered with each other, which 
in turn, yields a more reliable trajectory of the mapping 
device. 
 

Table 1: Comparison of precision in reconstructing flat 
surfaces marked in yellow in Figure 6 (smaller value is better). 

Reconstruction method 2 RMSE 
[mm] 

LOAM 29.8 
Our method 9.8 

  
 From the end-user perspective, it might seem quite 
natural that a 3D mapping device should provide a colour 
point cloud. However, the current state-of-practice 
mapping devices do not do so by default. A nice “side-
effect” of our camera-lidar fusion is that the resulting 
scans have colour information by default which is directly 
transferred from the camera.  

When it comes to a broader impact of the proposed 
method, it can potentially unlock certain use-cases 
popular in the AECO industry, not accessible so far for 
hand-held scanners. According to band C in the accuracy 

band table by RICS (2014), scans of infrastructure 
facilities might require relative accuracy up to 10mm. Our 
method seems to meet this requirement, unlike other 
techniques. 

The work done here will be a basis for further research 
in outdoor case studies where larger objects such as 
buildings or infrastructure facilities will be reconstructed.  
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Abstract
Generation of geometric Digital Twins of existing build-
ings relies on point cloud datasets and is still a manual-
intensive and time-consuming process. This paper identi-
fies the most frequent object types in buildings, analyses
how current commercial software and state-of-the-art re-
search methods to generate geometry of these objects from
Point Clouds. We summarise the main advantages of these
methods and highlight limitations that limit these methods
from broader adoption by the industry. Later, we identify
the open challenges and discuss future directions to enable
automating geometric Digital Twin generation.

Introduction
Digital Twins (DTs) are digital replicas of real-world
buildings, which integrate real-time data from physical
objects to a virtual environment to improve the building
operation (Tao et al., 2019). Geometric Digital Twin
(gDT) is a geometry representation of a DT. Generating
gDT refers to generating individual objects of a Physical
Twin and relations between these objects.

More than half of buildings currently in service in the UK
were built more than 20 years ago (GOV.UK, 2020, 2021).
Their design models are not available (Enterprises, 2020),
and often their physical assets are not fully representative
(Mahdjoubi et al., 2015); therefore, PCD (Point Cloud
Dataset) has been used for creating DTs. A growing
number of buildings and infrastructure are currently being
repaired, while others will soon require major renovations.
It is estimated that 85-95% of buildings will remain in
use by 2050 (Commission", 2021), many of them will be
renovated. Some of the older buildings were constructed
prior to the age of emerging digital technologies where
their as-designed models are unavailable; they do not
have as-built and as-designed digital models. Owners
and managers of such buildings may greatly benefit from
digitising their assets.

The generation of DTs for existing buildings when
as-designed or as-built models are unavailable is a
manual, labour-intensive process whose labour costs are
perceived to counteract the value of the resulting DT
(Hossain and Yeoh, 2018; McArthur, 2015). In principle,
every square metre of a building takes up to 5 minutes

of labour time (Qu et al., 2014), leading to months of
work for generating geometry from a PCD. For example,
manual geometry generation for 420 square metres of
a pumping facility took 166 hours (Qu et al., 2014).
Commercial software tools for DTs generation such as
Revit do not provide automatic geometry generation from
PCDs. This indicates the lack of automation in geometric
DT generation. According to the NBS survey on BIM
adoption by the industry, 46% of British professionals
in the construction sector reported that high costs and
time consumption were barriers to creating data enriched
building models for newly designed assets (Enterprises,
2020). The portion of those who adopt it for already built
facilities is notably smaller based on this study.

The value of automating geometry generation stems from
the fact that the geometry of a DT is a core part of the
building data and a prerequisite in the broader asset
digitisation process. DTs are the outcome of digitisation
and have the potential to improve the efficiency of many
processes in building management, maintenance and
renovation. Automating the generation of DT geometry
(geometric Digital Twin or gDT) of already built buildings
from PCD is essential to facilitate the further digitisation
of the construction sector, especially for old buildings to
plan for deep renovation and/or major repairs.

This paper discusses geometry processing for DTs leav-
ing out of scope other aspects, including data manage-
ment, PCD acquisition, DT applications, and others. It
starts with identifying most frequent object types in build-
ings and geometry of these objects, then it reviews current
commercial software followed by state-of-the-art research
methods for digitising geometry of buildings from point
clouds. Later, authors summarise it highlighting advan-
tages and limitations of different methods for different ob-
ject types, highlighting gaps in knowledge and potential
areas of further research.

Problem Definition
It is essential to identify the most frequent components
of buildings to understand what object types need
to be generated to digitise building’s geometry. The
authors analysed sufficiently complete building models
on the design, construction and operation phases to
identify object types that appear more often than the
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others. The purpose of the frequency analysis was
to narrow down further analysis to object types that
are more likely to appear during geometry generation
but not to identify average frequencies with high precision.

The dataset of 24 Industry Foundation Classes (IFC) mod-
els consisted of 105k total object counts were gathered
for the analysis. These models represented a variety of
buildings, including office buildings, university’s build-
ings, hospitals and residential buildings. Table 1 shows ten
most frequent object types in buildings in the IFC dataset.
Together, these object types account for almost 80% of all
objects from the dataset. This entails that the majority of
the effort for the geometry digitisation of a building will
be spent on the generation of one of these ten object types.

Table 1: Top 10 most frequent object types in buildings.

Object type Fraction(%)

Round Pipe Segment 23.43

Wall 10.87

Round Elbow 10.85

Beam 7.82

Column 5.02

Slab 5.02

Light Fixture 4.52

Plumbing or Heating
Terminal

4.04

Cylindrical Joint 3.88

Rectangular Duct
Segment

3.44

Background
The generation of the geometry of a DT when an
as-designed model is unavailable relies on PCDs, which
are a set of points. Each point is represented by its
Cartesian coordinates and their colours (or intensities)
sampled from a real-world object. This representation of
geometry is not directly usable for DTs because it lacks
semantics and structure. The application of DTs requires
a highly structured representation of geometry. This
includes decomposing the space into individual objects
with their geometry representation and relations between
them. If the as-designed models are not available, which
is the case for most old buildings, we can not infer
the decomposition of a PCD from the design intent.
This entails that a pre-processed point cloud should be
enriched by the semantic and object relations such that the
pre-processed PCD should be decomposed into objects
with their geometry and relations between these objects.

The geometrical properties of every type of object can be
described by its shape, colour and the context in which
it appears. The geometry of most of the frequent object

types in buildings, such as walls, slabs and pipes, is a
combination of planar or cylindrical patches. However,
the geometry of some other objects, such as beams,
can also be described as an extrusion of a profile along
a line. For example, I-beam can be described as a
combination of 8 (or 12) planar patches or an I-shaped
2D profile swept along its axis. The geometry of a
building can also be viewed as a hierarchy of spaces
and objects. For example, a building usually consists of
multiple stories. Stories have rooms and corridors; rooms
have wall surfaces, doors, furniture; doors have knobs, etc.

The following section describes current commercial soft-
ware for generating gDTs from PCDs, its current function-
ality and limitations. The later section briefly discusses
the state of research in this area. Finally, the discussion
section summarises the capabilities of the state of research
and states the main challenges for future research for gen-
erating gDTs from PCDs automatically.

State-Of-the-Art in practice
The state-of-the-art software for gDT generation from
PCDs aim to assist a human modeller by providing
convenient tools to detect shapes in PCDs, isolate PCDs
of individual objects and fit objects into them. Examples
of these software include "EdgeWise", "Faro as-built
modeller", "Pointfuse", "Scantobim.xyz", "InfiPoints",
"Point Cab", "Vision Lidar", "Leica Cyclone Model" and
"Leica Cloudworx", "E3D Design", "Trimble Realworks",
among others. Many of these software were initially
designed for industrial assets and, therefore, have richer
functionality to generate piping networks since piping ele-
ments are more important for plants (Agapaki et al., 2018).

Some of these software provides the functionality to
detect planar patches automatically. These planar surfaces
can then be used to model walls, slabs, etc. For example,
"Pointfuse" can detect and classify planes into wall sur-
faces, slab surfaces and other objects. The differentiation
between classes is based on normal orientation; it consid-
ers that vertical planes are parts of walls and horizontal
planes are parts of floors and ceilings (Figure 1). Other
software, such as "EdgeWise", can automatically combine
detected vertical planes into parallelepipeds to generate
walls (Figure 2).

Similarly, "EdgeWise" detects cylinders in a PCD to
detect piping networks. It automatically detects cylinders
in point clouds that are then used as pipe segments.
Then, pipe endings that are closely located are detected,
as they are most likely to be connected; based on that,
pipe fittings are proposed. The quantitative study shows
that EdgeWise achieves 62% precision and 75% recall in
detecting cylinders (Agapaki et al., 2018).
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Figure 1: Automatic wall surface extraction and classification
in PointFuse. A human modeller needs to manually combine

these surfaces and manually introduce new surfaces to generate
wall objects.

Figure 2: Automatic wall extraction in "EdgeWise". The set of
detected walls is incomplete and contains wrong cuboids.

Besides, the accuracy of wall dimensions is not perfect and a
human needs to adjust wall length manually.

Other software, such as "Faro as-built", use the iterative
semi-automatic approach to detect pipe segments and
fittings. This requires a user to pick a point on one of
the pipes in the PCD. The software then automatically
detects a cylinder that this point belongs to. After that,
the software searches for the next piping element on the
end of the detected pipe. This process iterates until no
new pipes or fittings can be detected. Manual intervention
during each iteration is necessary to adjust the fitting and
its classification of elements from a catalogue.

Commercial software also use human involvement to
detect and generate shapes of extrusion. In the first step, a
user should specify a plane containing the profile, which
should be perpendicular to the extrusion axis. After
that, the software automatically detects and classifies the
profile (Figure 3) and finds the appropriate length of the
object. Lastly, if objects of the same type and shape are
located in a regular grid, some software may use this
information to automatically detect copies of a modelled
object (such as "EdgeWise").

Template matching is another approach to detect objects
that have a less regular structure. This usually requires
a user to select a PCD that represents one of the objects
manually. Then the software can automatically detect

Figure 3: I-beam profile fitting in "Faro as-built"

similar PCD patches. The main shortcoming of this
approach is that it works for relatively small PCDs or when
the search space is limited. For example, "EdgeWise"
allows selecting templates for door and window detection
but requires to specify a plane on which they are located.

Objects with complex shapes, such as machinery, are often
hard to detect. The generation requires coarse positions
for fitting a given model into the PCD automatically.
The input location can be provided in two ways: directly
specifying a 3D point in a software’s viewer or selecting a
PCD part representing the given object.

Overall, commercial software for generating a building’s
geometry from a PCD can significantly reduce manual
effort. The software are able to detect basic shapes and
combine them into objects with relatively simple shapes,
such as walls. However, there is still a substantial amount
of manual work required. The user must verify every object
detected automatically, manually adjust details (such as
boundaries of objects), and generate objects that were not
detected, which is time-consuming.

State-Of-the-Art in Research

Figure 4: Generalised framework for gDT from PCD generation

Researchers have attempted to step beyond the state of
practice and automate the generation of main object types
for buildings. While some attempt to achieve superb
quality in detecting and generating objects, others try to
formulate the problem in broader terms and reconstruct
buildings in terms of more high-level abstractions, such
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as available spaces and floor plans.

Object detection approaches in PCDs can be classified into
two groups: bottom-up and top-down (Figure 4). Methods
of the first group start from detecting local features, such
as planar patches, cylinders, corners, etc. After that, prim-
itives are combined to form building elements. This group
of methods represents bottom-up approaches because they
create a DT going from local features and combine ele-
ments to form the final DT. In contrast, methods that start
from detecting high-level features and iteratively split a
PCD into a set of lower-level features, such as going from
floors to rooms to walls to doors, are top-down approaches
because they gradually decompose a building into smaller
and smaller elements. The following sections will discuss
each group.

Bottom-up
The bottom-up approaches require finding primitives and
detecting local features. One of the most popular methods
that find primitives in PCDs is RANSAC (Fischler and
Bolles, 1981) and its variants, for example, multiBaySAC
(Kang and Li, 2015). This algorithm randomly samples
a minimum number of points to form a hypothesis, verify
the hypothesis (i.e. how many points from the input align
with this hypothesis - inliers), and repeat the process to
maximise the number of inliers. RANSAC can be used
to detect planar patches or cylinders in PCDs to detect
objects. For example, this has been successfully applied
to detect wall surfaces (Anagnostopoulos, Patraucean,
Brilakis and Vela, 2016). Later, the authors detected
connections between perpendicular walls to adjust wall
lengths by enlarging them to touch each other and form
rooms (Anagnostopoulos, Belsky and Brilakis, 2016).
Interested readers in RANSAC-based methods can be
referred to the review of Raguram et al. (2008).

The same goal can be achieved using Hough transform for
primitive shape detection (Hough, 1959). This algorithm
goes through each point from the input and computes
all possible hypotheses that explain this point, and picks
the most frequent hypothesis. It is also used to detect
primitive geometry. For example, this can be used to
detect cylinders for pipe generation (Patil et al., 2017).
Both of these methods require a tolerance threshold to be
defined; they are sensitive to clutter and occlusions and
are hardly scalable due to computational inefficiency on
large inputs.

Planar and cylindrical surfaces have homogeneous or
constant local curvature. For instance, a plane has zero
curvature, while pipes’ curvature equals the pipe’s radius.
A PCD with curvature can be clustered to detect various
homogeneous patches. For example, a region growing
algorithm can be used to detect planar and cylindrical
surfaces Dimitrov and Golparvar-Fard (2015). This algo-
rithm can handle larger PCDs but is more sensitive to noise.

Many objects have more complicated shapes, such as
I-beams or machinery, and the methods mentioned above
cannot be directly used to detect them. Wang et al. (2021)
proposed the method to search for objects that have a
geometry of a 2D profile extruded along a line. They
suggested slicing the PCD along an axis and searching
for the desired profile in each slice (Figure 5). This
converts the problem from 3D to 2D; similar methods are
used to detect lines and circles on a plane. The authors
showed that this approach could find various objects of
extrusion with more complex shapes, such as I-beams,
rectangular ducts, etc. In addition, they showed that
template matching in 2D is a computationally feasible
problem, and it can be used to match arbitrary profiles to
detect arbitrarily shaped machinery. The method requires
objects to be oriented parallel to main axes only.

Figure 5: 2D slicing for shape detection (Wang et al., 2021).
The algorithm searches for a profile shape in the slice to detect
a shape of extrusion or template to detect complex machinery.

The alternative approach to detect objects with complex
shapes is to combine primitives together to form object
surfaces. This includes using predefined rules to connect
surfaces together, such as combining nearly parallel
vertical planes located near each other to form a wall.
Another approach is to use data-driven methods to
construct parametric models from the set of primitives,
for example, using random forests (Zhang et al., 2014).

Recent advancements in deep learning allow using
neural networks to perform PCD understanding. Using
supervised learning, neural networks are used to split
PCDs with multiple objects of different types inside into
point clusters of particular object types or individual
objects. Later, these point clusters can be transformed
into meshes or predefined models from a catalogue using
RANSAC or similar methods. A few examples would be
(Chen et al., 2019; Armeni et al., 2016; Thomas et al.,
2019).

Supervised machine learning methods infer dependencies
and learn features from labelled data. The main benefit is
it avoids exploiting any explicit knowledge of design and
construction practices and patterns. However, this makes
neural networks require large labelled datasets to be trained
to achieve high accuracy of label prediction.
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Top-down

Top-down approaches aim to detect high-level objects in
the input PCD, starting from floors to rooms to walls to
doors to windows.. In the first step, they identify floors and
split PCD into multiple smaller ones. The straightforward
approach for ceiling and floor identification is to identify
peaks along the Z-axis. This assumes that the direction
of the gravity is known and Z-axis is collinear with it.
Then, all points are projected on Z-axis and split into
buckets to form a histogram of a number of points on
multiple heights. Given that points sufficiently cover
floors and ceilings, they should be located on the peaks
of the histogram. The height of peaks and the knowledge
of the approximate width of slabs and floor height allow
identifying each floor and ceiling.

In the next step, rooms can be identified independently
in each PCD, representing an individual floor. There are
multiple approaches on how to locate rooms. Macher
et al. (2017) proposed identifying rooms on the storey by
computing a discrete occupancy map for the horizontal
slice containing the ceiling followed by a region growing
algorithm (Figure 6). This approach assumes that all
spaces on a storey are disconnected on the top. This
assumption holds if doors and other transitions between
spaces are lower than the ceiling level. Shi et al. (2019)
suggested computing alpha-shapes of rooms of the ceiling
slice to adjust room shapes. This decomposition allows
splitting the input into multiple PCDs, each representing
only one room. Then these PCDs can be processed
independently for the sake of computational efficiency.

Figure 6: Horizontal slice that contains ceiling points. 2D
room decomposition (Macher et al., 2017)

Another approach to computing room spaces on 2D
projections is to project only boundary points. This is
achieved by keeping only those points that have a normal
perpendicular to Z-axis. The majority of points satisfying
these conditions represent wall surfaces. However, this
method is sensitive to wall occlusions and clutter with
vertical surfaces.

Ochmann et al. (2016) proposed to segment a PCD into
rooms based on the scan locations. They assumed that
one scan of a laser scanner always captures one room.
Scans that captured the same room are merged based on
co-visibility obtained with ray casting (Ochmann et al.,
2019), points are classified with room IDs based on the
scan they belong to. Then, they computed occupancy

bitmaps and produced floor plans. After that, they
detected vertical planes, projected them to the floor
plan and generated wall candidates based on a pair of
close parallel planes. At the last step, they formulated
the wall location problem as an optimisation problem:
they penalised a wall candidate if it split one room and
rewarded if it split different rooms. This method requires
scanner locations and does not work for PCDs captured
with SfM (as scanner location changes continuously).

A similar objective can be achieved using the shape gram-
mar approach (Tran et al., 2018). The space is split into
cubic volumes based on histogram peaks along the main
axes. They then iteratively merged cuboids representing
the same space and classified cuboids representing walls.
However, the last step required the user to specify door
locations to introduce space connections manually.

Void-growing approach for space detection was proposed
by (Pan et al., 2021). The authors tried to find empty
regions of a PCD by growing a cuboid until it touches
a wall or slab. At the first stage, the authors searched
for vertical planes to produce room centre candidates
(they split space by planes parallel to two main axes and
got cube centres). Then, they enlarged each cuboid in
each direction until the points on the boundary of the
cuboid face occupied a significant part of the face. In the
final step of space detection, they discarded thin cuboids
(walls) and merged overlapping spaces to account for
non-rectangular rooms, such as L-shaped rooms.

The next step is decomposing PCDs that represent individ-
ual rooms into various objects, such as walls and openings
in walls. Shi et al. (2019) proposed automatically detect-
ing doors by searching for empty spaces on wall surfaces.
They computed an occupancy map on each wall surface
to get empty spots on the surface. Then they identified
those voids that might present due to occlusions and iden-
tified doors. This method is limited to open doors only.
Quintana et al. (2018) based their door search on empty
regions and rectangular objects on wall texture. They as-
sumed that a door has a different colour than the wall on
which it is located; therefore, they warped wall points onto
the plane and searched for rectangles using a Canny edge
detector. The drawback of this method is its sensitivity
to wall detection, wall occlusions, lighting conditions and
the colour difference between walls and doors.

Discussion
The state-of-practice software simplifies the generation of
the most frequent object types in buildings to some extent.
The software can automatically detect primitive shapes,
such as planar patches and cylinders in PCDs and provide
a user interface to generate objects and connect them to
create DTs. These tools significantly reduce the manual
effort necessary for digitising the geometry of existing
assets from PCDs.
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Table 2: Summary of gDT generation approaches

Detector Approach Examples Advantages Limitations
Shape

detector
Primitive shape
detection

(Anagnostopoulos,
Patraucean, Brilakis
and Vela, 2016),
(Patil et al., 2017)

Theoretically ex-
tensible on arbi-
trary shapes; ro-
bust to clutter and
occlusions

Inefficient on large in-
puts or when large num-
ber of objects present

Region-growing (Dimitrov and
Golparvar-Fard,
2015)

Robust, scalable Over-segmentation;
limited number of
shapes

2D Slicing and
projection

(Wang et al., 2021) Objects of extru-
sion, arbitrary and
complex shapes

Objects should be lo-
cated along the limited
number of axes

Deep learning su-
pervised PCD seg-
mentation

(Chen et al., 2019),
(Thomas et al., 2019)

Need only labeled
data to generalise

Need large set of la-
beled data to generalise

Space
detector

Histograms of
#points

(Huber et al., 2011),
(Tran et al., 2018)

Simple Intolerant to clutter and
occlusions

Floor-plan recon-
struction

(Macher et al., 2017),
(Ochmann et al., 2019)

Structured, con-
nected output

Rely explicitly on
knowledge, design pat-
terns; hardly extensible

However, the generation of each object still requires
manual involvement. Objects with planar surfaces
require manual adjustments of dimension sizes. For
example, automatically generated walls and pipes in
"EdgeWise" require a manual extension (or shortening)
along the length. Automatic pipe fitting generation
in this software considers only pipe endings and does
not account for the PCD itself. It results in objects
with wrong parameters (e.g. elbows with the wrong
radius). Semi-automatic pipe run detection implemented
in "Faro", which tries to automatically fit the next
network element, requires manual involvement for each
object. The same holds for the detection of steel structures.

The state-of-the-art software can detect primitive shapes
automatically or fit objects from a catalogue (precisely
defined) semi-automatically. It can also detect relations
between parts of pipe runs. However, users still need to
do manual work to adjust automatically detected objects,
guide semi-automated detection and detect connections.

On the other hand, state of the art in research can detect
primitive shapes automatically and combine them to
generate objects. Bottom-up approaches provide similar
functionality to the mentioned functionality of software. It
gives more agility, allows to detect more primitive shapes,
and combines them with explicit rules and machine
learning, adjusting object dimensions and connecting
them together. However, this group of methods is limited
in generating composite structures due to high variability.
On the other hand, top-down approaches naturally provide
hierarchical relations between objects. These relations are
usually required for DT applications.

Most of the existing methods for generating gDTs from

PCDs are designed to detect particular types of objects or
shapes. These methods are deterministic rule-based. They
use many assumptions about object relations or design
patterns to guide detection, such as the Manhattan-world
assumption. The explicitly exploited knowledge in an
algorithm limits the adoption of the algorithm to other
shapes and contexts.

Summing up, the functionality of commercial software
and state of research automatically detect some of the
object types and compose (or decompose) them to
some extent. To the best of our knowledge, there are
no methods dedicated to detecting relations. Table 2
provides a brief summarisation of available methods for
detecting different objects of buildings in PCDs. We split
the existing methods based on the detection approach:
shape detection and space detection. Methods for shape
detection based on detecting local features, such as
RANSAC and region growing algorithms, are limited
in terms of the variability of shapes it can detect. The
reason is that these methods can only detect geometrically
homogeneous regions. Besides, they require extra steps to
combine multiple surfaces together.

Methods projecting 3D PCDs onto smaller dimensions
reduce the complexity of the detection problem but are
suitable only for a subset of objects such as that objects
of extrusion. They assume that the orientation of objects
is known to some degree. This is because they project
points on a limited number of axes or planes. Otherwise,
the method would be computationally infeasible.

Methods that are based on space decomposition tend
to produce much more connected and structured out-
put, which is more useful for DT applications. On
the other side, these methods typically encode some
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knowledge or assumptions about a building explicitly. It
makes these methods good in detecting and generating
particular structures but hardly extensible to buildings
with other design choices. This is particularly true
for systems with high variability: while these types of
methods are used to generate the architectural part of a
building, they are not used to generate the mechanical part.

Some deep learning approaches have been discussed pre-
viously in this paper. These methods extract the implicit
knowledge about buildings through observations. This en-
tails that the extension to other environments with other
design patterns only requires labelled data representing
target distribution. The main drawback is that it requires
large labelled datasets in order to generalise well. Semi-
supervised methods or generating synthetic datasets could
be potentially considered to address this challenge.

Suggestions for the future research
The authors identify the following challenges that should
be tackled to develop an effective method for automatic
gDT generations:

• How to make the methods generic enough to be ex-
tended to other contexts and environments easily?
Authors believe that successful automation of geom-
etry digitisation requires more generic methods to
detect and generate gDT. Current deterministic algo-
rithms are hardly adaptable to environments that dif-
fer from the original assumption of the algorithms’
authors. Supervised and semi-supervised deep learn-
ing are promising approaches to address these chal-
lenges.

• If adopting neural networks, how to sample PCDs
from models to gather training data, how much syn-
thetic data is necessary to generalise to unseen real-
world data? Adopting neural networks is associ-
ated with crafting large labelled datasets for training,
which is hardly feasible for real-world data. Alterna-
tively, researchers can use synthetic datasets sampled
from as-designed models to train neural networks.

• How to detect relations between objects? How to use
them to empower object detection? Authors believe
that current-of-the-art methods lack relation detection
part. Many DT applications also require knowing
what objects are related to each other and how they
influence other objects. Besides, information about
object relations may guide object detection. For ex-
ample, search space for wall detection can be limited,
knowing that walls related to room spaces as their
boundaries.

Conclusions
Digitising the geometry for existing buildings heavily
relies on PCDs due to the absence of reliable, designed
models. The digitisation process is still semi-manual

and requires substantial manual effort, which limits the
adoption of DTs for the operational phase of the building
life cycle. State of the art is limited in the variety of
objects, relations and their contexts. The industry will
benefit from the automation of gDT generation from PCDs.

This paper showed the most frequent object types in build-
ings that account for about 80% of all objects in buildings
on average. We provided a review of the functionality of
the available software, and current approaches for digitis-
ing geometry in research. It highlighted the advantages
and limitations of different methods and proposed areas
for future research. The authors believe that addressing
the mentioned limitations will significantly reduce the cost
and effort necessary for digitisation, renovation and main-
tenance of existing buildings.
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Abstract 
Geometry updating for digital twins of buildings is a time-
consuming and manual task, resulting in poor progress 
monitoring and quality control during the construction 
stage. This paper reviews the state of the art in practice 
and research on spatial and visual data-based approaches 
for updating digital twin geometry of buildings. We draw 
novel key insights into the effectiveness, experiments, and 
limitations of seven classes of methods summarised from 
the most recent papers. Consequently, four core gaps in 
knowledge are investigated. Finally, a new geometry-
based object class hierarchy is derived to support 
geometry updating for maintaining digital twins in future 
directions. 

Introduction 
A Building Digital Twin (BDT) serves as a digital 
representation of a physical building that mirrors the 
building’s status and behaviour throughout its lifecycle 
from the design, construction to operation stages. 
Geometry updating of BDT can keep the product 
information of an asset up-to-date. A building refers to the 
structure comprised of connected object instances (e.g., 
walls, roofs, beams, columns, windows, doors, etc.) along 
with Mechanical, Electrical and Plumbing (MEP) systems 
(e.g., piping and duct systems, fire protection systems, 
etc.). Geometry updating refers to detecting building 
object instances from the on-site collected Spatial and 
Visual Data (SVD) at a given timestamp during the 
construction stage, then meshing the data and assigning it 
as a timestamped three-dimensional (3D) representation 
in the BDT. SVD refers to Point Cloud Data (PCD) as 
spatial data and images or video sequences as visual data 
that are acquired by terrestrial or mobile scanners and 
cameras. Additionally, the final as-designed file at the end 
of the design stage is marked as “Design Intent” (DI). It 
can assist the geometry updating of BDT during the 
construction stage and serve as a benchmark for 
evaluating the project performance. 

One of the greatest challenges faced by the Architecture, 
Engineering, and Construction (AEC) industry is poor 
project performance due to the lack of timely progress 
monitoring and quality control during the construction 
stage. It is estimated that only around 34% of large 
projects are delivered on budget and only about 37% of 
projects are completed on time (Countryman et al., 2020). 
Over 50% of construction companies have long 
experienced dealing with under-performing projects 
(Armstrong, 2015). AEC industry can benefit 
significantly from BDT applications, including up to a 
50% increase in productivity, 10% decline in schedules, 

and 80% reduction in rework (Fingland, 2019). 
Dynamically updating BDT geometry from SVD with the 
help of the DI is a core step for automating progress 
monitoring and quality control. This step will help 
provide the geometric discrepancy data between as-
designed and as-built geometry to measure progress and 
evaluate spatial quality during the construction stage. 

This paper aims to gain a contextual understanding of the 
state of practice in BDT geometry updating and 
investigate the state of research regarding building object 
instance detection in the environment of contrasting SVD-
borne and DI-borne geometry (SVD-vs-DI). We analysed 
three stages of BDT geometry updating and the current 
building object classification standards to deliver the core 
knowledge gaps and a new geometry-based object class 
hierarchy as the main contribution.    

State of Practice 
The evaluation of state-of-the-art applications from the 
perspective of updating BDT geometry can help to 
understand their limitations and guide the literature 
review. Based on the Scan-vs-BIM system developed by 
Bosché et al. (2015), the state of practice here is discussed 
based on three stages of BDT geometry updating:   
● DI geometry to SVD registration  
● SVD-vs-DI object instance detection 
● Object instance geometry capture and recording 

The purpose of the first stage is to ensure that the DI file 
(e.g., IFC file) and the as-built SVD can be registered into 
a common coordinate system to facilitate the comparison 
between the DI-borne geometry and the as-built status 
during the construction stage. The second stage contains 
PCD-vs-DI object instance detection and image-based 
object instance detection. The output data of this stage can 
be used to capture 3D geometry of object instances. The 
final stage converts the PCD as low-level digitised 3D 
data into high-level information-rich 3D formats (e.g., 3D 
surface mesh) to support progress monitoring and quality 
control. The following discusses the state of practice of 
three stages mentioned above in detail: 

The first stage is a commercially solved problem. The user 
needs to manually find at least three corresponding points 
both in the PCD and the DI geometry, then the software 
can automatically calculate the transition and rotation 
matrix to register the PCD against the DI. Another way to 
achieve PCD to DI geometry registration is to manually 
adjust origins and axes to make coordinate systems the 
same. Images can be registered by simulating the camera 
poses in the 3D DI geometry to capture 2D pictures. It 
requires the camera’s intrinsic and extrinsic parameters. 
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As for the second stage, no commercial software can 
automatically detect as-built object instances and match 
them with as-designed models in the SVD-vs-DI 
environment. Some software can do clash detection 
between PCD and DI geometry, but they cannot focus on 
the instance level to detect and extract the whole 
individual component in the PCD. Figure 1 shows state-
of-the-art software classification for clash detection. The 
experiment using Faro As-Built for Revit for ISPRS 
benchmark TUB1 input data (Khoshelham et al., 2017) 
with the upper range clearance 50 mm took 22 minutes to 
complete clash detection on the desktop (Processor: AMD 
Ryzen 5 5600X 6-Core Processor; RAM: 32GB; GPU: 
AMD Radeon RX 6800). The result of 87 clashed 
elements contains over 90% unnecessary collisions such 
as noisy points of a part of an object instance. Therefore, 
clash detection cannot be directly used to match object 
instances for BDT geometry updating.  

Figure 1: Software classification for clash detection 

As for the third stage, no software can automatically 
capture and record the 3D geometry of as-built object 
instances from the PCD with the help of DI. By contrast, 
two commercial solutions named OpenSpace and 
Buildots can measure construction progress by capturing 
images with a hat-mounted 360° camera. The image data 
stream is then compared with the expected progress from 
the DI to update the progress situation. Buildots claims 
that it can also evaluate visual quality such as 
automatically detecting the wrong place of the as-built 
window in the image. Nevertheless, these two solutions 
only rely on visual inspections to detect quality related 
issues; they cannot update BDT geometry in 3D view. The 
updated 3D geometry is essential to evaluate spatial 
quality during construction. Meanwhile, some software 
can automatically extract or generate limited object 
classes only from the PCD without being guided by the 
DI. For example, EdgeWise can automatically detect and 
generate cylindrical pipe segments, round joints (e.g., 
elbows, reducers), and rectangular duct segments without 
any manual effort. However, it is designed for PCD-to-
BIM rather than PCD-vs-DI. It cannot help to distinguish 
which as-built object instance belongs to which DI 
instance. 

Besides the three stages discussed above, we also need to 
understand what object classes, as well as shape classes, 

exist in a typical building before updating its geometry in 
the BDT. Various classification systems have been 
developed by different nations and institutions during the 
last sixty years, such as Uniclass, UniFormat, and 
OmniClass (Afsari and Eastman, 2016). However, each 
standard has its own criteria, and all these existing 
classification systems are only function-oriented to 
support activities during the building’s lifecycle. They 
cannot be applied directly to facilitate updating BDT 
geometry at the current stage.    

Overall, to the best of our knowledge, there is no state-of-
practice solution that can automatically keep BDT 
geometry updated based on the DI during the construction 
stage to support project management. 

State of Research Overview 
The first and third stages elaborated above have been 
well-solved in different studies in recent years. Random 
Sample Consensus (RANSAC)-based plane extraction 
(Bosché, 2012; Bueno et al., 2018) and line extraction 
(Stojanovic et al., 2018; Kaiser et al., 2019) are core ideas 
to (semi-)automatically achieve coarse registration in the 
first stage, along with Iterative Closest Point (ICP) 
algorithm and its variants (e.g., progressive ICP, Go-ICP, 
etc.) (Tang et al., 2013; Yang et al., 2013) to achieve fine 
registration for more precise results. For the third stage, 
3D representation to convert the extracted points into 
high-level information-rich 3D formats has also been 
well-explored. Primitive shape-based methods (e.g., B-
Rep fitting) perform well in representing primitives such 
as cuboid and cylinder but cannot describe in full details 
of irregular object instances. By contrast, meshing 
(Abdelkader et al., 2020; Cheng et al., 2008; Kazhdan et 
al., 2006) is effective to generate detailed representations 
to retain more geometric properties of objects. Other 
mesh-based variants (Hong et al., 2017; Groueix et al., 
2018; Otoguro et al., 2018) have also been proposed 
recently to generate high-quality structured meshes for 
complex and deformable shapes. It should be noted that 
incomplete PCD (e.g., with holes or truncation) can lead 
to poor or wrong results of meshing. To this end, Rashidi 
and Brilakis (2016) summarised the methods for filling 
gaps in PCD to improve the performance of meshing. 

The second stage for updating BDT geometry has more 
space for researchers to explore, and thus is the main part 
of this review. Table 1 summarised the findings of 
investigated papers. Overall, SVD-vs-DI object instance 
detection is split into two categories based on 3D/2D data 
formats: PCD-vs-DI instance extraction and image-based 
instance extraction. As for the first category, PCD-vs-DI 
instance detection is comprised of three workflows (Liu 
et al., 2021) depending on the input data formats:  
● Workflow 1: comparing the as-built PCD with the 

as-designed PCD generated from the DI geometry. 
● Workflow 2: comparing the as-built PCD directly 

with the DI geometry. 
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● Workflow 3: comparing the as-built mesh generated 
from the as-built PCD with the DI geometry. 

Workflow 1 requires generating the as-designed PCD 
from the DI geometry before detecting object instances in 
the as-built PCD. Each as-designed point can be 
calculated by projecting a scanning ray on the STL-format 
geometry (Bosché et al., 2014). Then, point-to-point  
comparison and Hough transform are two main methods 
used in this workflow for instance extraction. Workflow 
2 directly uses the DI geometry format (e.g., IFC, CAD, 
STL, etc.) to support instance extraction from the as-built 
PCD. The advantage is that it keeps more initial features 
of the DI geometry than Workflow 1. Feature-based 
methods, point-to-surface comparison, and RANSAC are 
three core methods in this workflow. Lastly, workflow 3 
requires generating meshes from the as-built PCD before 
detecting object instances with the DI geometry prior. 

Image-based instance detection as the second category is 
another way for construction progress monitoring and 
quality control. We tend to investigate the advanced 
methods (workflow 4: deep learning) in this field since 
2D images can be considered as auxiliary input data to 
support geometry updating. The next two sections will 
elaborate on the seven core methods from four workflows 
with experiments and limitations summarised in table 1. 

PCD-vs-DI Instance Detection 
Point-to-point comparison was first used to automatically 
retrieve 3D object instances in the as-built PCD by Bosché 
and Haas (2008). The retrieval rate 𝑅% is calculated by 
the ratio of the number of retrieved as-designed points to 
the total number of as-designed points. The threshold is 
set as 50% to assess the retrieval result. Initial 
experiments on small-scale datasets (4 columns and 1 
slab, each within 18,000 points) presented a robust result 
for the proof of concept. This method has then been 
applied to detect primary structural object classes (Turkan 
et al., 2012; Turkan et al., 2013), to track secondary and 
temporary structural object instances (Turkan et al., 2014) 
and to detect mechanical object classes (Bosché et al., 
2014) for progress monitoring at the construction stage. 
The method performed well in tracking the status of 
structural instances but produced high rates of false 
negative and false positive results when detecting 
mechanical instances with large spatial deviations (out of 
50 mm) against the DI. This problem cannot be avoided 
even by adding the surface normal vector as an additional 
rule to support instance detection.  

Hough transform performs well in shape detection in the 
complex environment with noise. It was first developed 
for line detection in a cluster of 2D noisy points (Duan et 
al., 2010). An edge point (𝑥$, 𝑦$) on the line in the image 

Categories Workflows Methods Existing Studies Experiments Core Limitations 

PCD-vs-DI 
instance 
detection 

As-built PCD vs 
As-designed PCD 

Point-to-
point 

comparison 

Bosché and Haas, 2008; 
Turkan et al., 2012; 
Turkan et al., 2013; 
Bosché et al., 2014; 
Turkan et al., 2014 

column, beam, slab, 
wall, cylindrical pipe, 

rectangular duct, 
formwork, scaffolding, 

shoring, rebar 

Fail to detect instances 
when the deviation of 
position > 50 mm 

Hough 
transform 

Ahmed et al., 2014; 
Bosché et al., 2015 

cylindrical pipe, round 
elbow 

Complex computation; 
Fail to detect highly 
occluded objects 

As-built PCD vs 
DI geometry 

Feature-
based 

method 

Kim et al., 2013; 
Kalasapudi et al., 2014; 
Gao et al., 2016 

wall, ceiling, column, 
beam, slab, rectangular 
duct, cylindrical pipe, 
round elbow/reducer 

As-built must be the 
same as as-designed; 
Require as-built without 
any occlusion and noise; 
Fail to detect glass-made 
or curved planes 

Point-to-
surface 

comparison 

Zhang and Arditi, 2013; 
Gao et al., 2016; Tran 
and Khoshelham, 2019 

column, wall, 
cylindrical pipe, round 
elbow, round reducer, 

rectangular duct 

Cannot extract all points 
corresponding to the 
object instance 

RANSAC 

Kim et al., 2016; 
Nguyen and Choi, 2018; 
Guo et al., 2020;  
Rausch and Haas, 2021 

precast slab, wall, 
cast-in-place footing, 
cylindrical pipe, duct, 

cable tray 

Only robust for 
primitive shapes 

As-built mesh vs 
DI geometry 

Mesh-
supported 
method 

Date et al., 2012;  
Kim et al., 2020 

cylindrical pipe, U-
shape round joint, wye 
joint, cross joint, slab, 
wall, beam, column 

Loss of Point 
information; Small and 
highly occluded 
instances may be missed  

Image-based 
instance 
detection 

Deep learning CNN & 
variants 

Czerniawski et al., 2020; 
Kufuor et al., 2021; 
Ying et al., 2019;  
Hou et al., 2020 

window, stairs, wall, 
elevator, duct, column, 
beam, slab, door, pipe, 
socket, switch, radiator 

Lack 3D data to reflect 
spatial information 

Table 1: Summary of the second stage for updating BDT geometry: SVD-vs-DI object instance detection 
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space can be transformed in the parameter space. The 
edge line can then be detected if the corresponding lines 
in the parameter space cross the same point. A 2D Hough 
transform-based object instance detection method has 
been developed to extract cylindrical piping segments 
(Ahmed et al., 2014). A cluster of 3D point slices needs 
to be projected along with the estimated object normal 
orientation from the DI geometry before the 2D circle 
slices are determined by Hough transform. Then, the 
circle slices will be integrated to grow cylindrical pipe 
segments. Nevertheless, this method requires that the as-
built position and dimension of the object instance are the 
same as the DI geometry. Bosché et al. (2015) were 
inspired from this method and combined the point-to-
point comparison and Hough transform together to detect 
cylindrical MEP components. It overcomes the limitation 
from Bosché et al. (2014) on detecting out-of-place 
instances (within 2 meters) and can identify the instance 
completeness through detection. However, Hough 
transform is computationally complex. The method does 
not consider the effect of high occlusions and clutter (e.g., 
stuff in front of the instance) in the PCD. It assumes that 
the most cylindrical instances are built in the orthogonal 
direction, which leads to the methods with less robustness 
in complex environments.  

Feature-based method uses object features (e.g., position, 
scale, colour, etc.) to detect instances. A three feature-
based (Lalonde feature, orientation, and continuity) 
instance detection method has been developed to detect 
linear and surface instances to measure construction 
progress (Kim et al., 2013). This method is robust in the 
noisy environment but assumes that all object instances 
are constructed according to the DI. Similarly, a five 
feature-based method has been proposed to match object 
instances. The features include length, size, colour, 
orientation, and the number of connections with adjacent 
instances (Kalasapudi et al., 2014). This method was only 
tested for prefabricated pipe detection in an environment 
without any occlusion and clutter. A distribution-based 
method has been developed by computing the probability 
distribution of the geometric properties for both PCD and 
the DI file (Gao et al., 2016). However, this method 
requires the denoised PCD without any occlusion. All 
these feature-based methods cannot deal with the 
detection of glass-made object instances or curved planes.  

Point-to-surface comparison calculates the ratio of the 
overlapping area between the extracted points and the 
object instance from the DI (Zhang and Arditi, 2013; Gao 
et al., 2016). Tran and Khoshelham (2019) developed the 
surface coverage ratio calculation algorithm by using 
alpha shape reconstructed from the orthogonal projection 
of points to make the method more robust. The method 
has been used in the PCD-vs-DI instance detection 
including columns, walls, duct, and piping segments. 
However, this kind of method cannot extract all points 
corresponding to the instance when there are deviations 
between the PCD and DI geometry or in the PCD with 
high clutter. Also, the coverage ratio threshold needs to be 

manually set. The method will be invalid if the deviation 
of the as-built position or orientation exceeds this ratio 
threshold. 

RANSAC is more robust than all methods discussed 
above for detecting instances from the as-built PCD with 
over 50% of outliers based on the DI prior (Schnabel et 
al., 2007). RANSAC can detect and extract geometric 
primitives including planes, spheres, and cylinders from 
PCD. It has been applied to optimise the edge points 
extracted from as-built PCD to assess the quality of the 
precast slabs (Kim et al., 2016). It has also been employed 
with the normal-based region growing method and K-
Nearest Neighbours (KNN) to detect cylindrical pipe 
segments when the position and orientation of as-built 
instances differ from the DI (maximum orientation error 
7.5 ̊; maximum position error 35 mm) (Nguyen and Choi, 
2018). Similarly, Guo et al. (2020) used RANSAC to 
detect cuboid-shape instances and a variant of RANSAC 
named Maximum Likelihood Estimation Sample 
Consensus (MLESAC) to fit cylinder-shape pipes. 
Rausch and Haas (2021) also applied RANSAC for cast-
in-place footing detection. However, all RANSAC-based 
methods can only detect primitive-shape object instances 
such as cylindrical pipe segments (cylinders), rectangular 
duct segments (cuboids), and floors (planes). The object 
instances with moderate or complex shapes such as T-
shape pipe joints, cross-shape duct joints, heating 
terminals, and sprinklers cannot be detected directly. 
Also, the lack of a checking step may lead to false 
negative or false positive results when detecting instances 
with high clutter and occlusions. 

Mesh-supported method requires generating meshes from 
the as-built PCD before detecting instances with the DI 
prior. Spin image has been developed for 3D object 
instance detection from the mesh (Date et al., 2012). It is 
a data-level shape descriptor representing the surface of 
the instance by bilinear interpolation. The corresponding 
points in both as-built and as-designed meshes can be 
matched by comparing spin images. Kim et al. (2020) also 
generated a mesh from the sparse PCD to semi-
automatically detect instances for quantity calculation and 
progress monitoring at the construction stage. However, 
mesh generation requires downsampling PCD, resulting 
in a loss of information contained in the PCD. Spin image 
matching only investigates 20% to 50% of vertices, which 
means that small or highly occluded instances may be 
missed. Investigating all vertices may avoid this problem 
but leads to high computational complexity.  

Image-based Instance Detection 
Deep Learning (DL) is more competitive than the 
traditional machine learning pipeline to detect object 
instances from images in complex environments. The 
typical architecture of a Convolutional Neural Network 
(CNN) in DL is made up of three types of layers: the 
convolutional layer to abstract a feature map from the 
input image; the pooling layer to reduce the spatial size of 
convolved features and extract dominant features, and the 
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fully connected layer to produce an output vector for 
classification (Zhao et al., 2019).   

Many methods based on well-designed CNN architecture 
have been developed to achieve building object instance 
detection from images. A method based on DeepLab 
(Chen et al., 2017) has been proposed to automatically 
segment RGB-D images into 13 building object classes 
(window, floor, stairs, wall, etc.) with 0.50 IoU 
(Czerniawski et al., 2020). The Faster R-CNN (Girshick, 
2015) uses the convolutional network to directly generate 
candidate regions. It has been applied to detect building 
electrical instances by training both RGB 360°  and 
standard images (Kufuor et al., 2021). However, this 
method can only locate the instance position with 
bounding box. Mask R-CNN is then used to determine the 
boundary of instances in images (Ying et al., 2019). 
Overall, R-CNN-based detection methods can achieve 
high accuracy (over 90%) but real-time performance is 
deficient. To this end, a deeply supervised object detector 
(DSOD) combing Faster R-CNN and YOLO (Redmon et 
al., 2016) has been developed to detect structural object 
instances in the real-time scenario (Hou et al., 2020). This 
method has higher detection precision and recall (average 
95%) and can be used to detect multiple instances in the 
complex construction environment, but it only performs 
well in detecting instances with primitive shapes. 

Discussion 
Four core gaps in knowledge have been identified based 
on the literature review regarding as-built object instance 
detection in the SVD-vs-DI environment. We do not yet 
know how to update BDT geometry in the following 
cases: 
● environments with high clutter and occlusions. For 

example, only a part of an instance’s surface is visible 
and captured by the scanner. Besides, other existing 
stuff can also cause occlusions during scanning.  

● when there are distinct deviations in terms of position, 
orientation, scale, and shape between the DI 
geometry and the as-built instances (e.g., axis 
deviation over 50 mm; angle deviation over 15 ̊). 

● when the instances built in non-primitive shapes. 
Cylinder and cuboid are the most prevalent primitive 
shapes used in construction. By contrast, other object 
types such as pipe joint, sprinkler, and light fixture 
are built in complex shapes, which are rarely detected 
by current methods.    

● when the instance is transparent. In such a case, it is 
difficult to represent glass-made windows by point 
clouds due to the light transmission. 

Meanwhile, the number of object classes in buildings can 
measure in the thousands, while most of them are rarely 
used. Object instance detection prioritising the top 
frequent object classes can significantly save time and 
reduce the cost of the BDT geometry updating, thus can 
serve progress monitoring and quality control better. 
Also, we previously concluded that the current object 
classification standards cannot be applied directly to 

support BDT geometry updating in the section of the state 
of practice. Therefore, we developed a new geometry-
based building object class hierarchy from the geometric 
perspective named Hudrokis Tree (H.T.) (Figure 2). The 
Hudrokis Tree is comprised of three categories from the 
building composition’s perspective: structural (S.), 
mechanical (M.), and electrical (E.). The structural 
category contains 4 primary object classes and 10 
enriched object classes. The mechanical category includes 
18 object classes from the plumbing, heating, and air 
conditioning systems and 4 object classes from the fire 
protection system. Similarly, the electrical category 
includes 12 object classes from the electrical supply, 3 
object classes from the transport system, and 4 object 
classes from the control system. The last two layers 
(leaves) guide the most possible geometric shapes for 
each object class which can be used in the geometry 
updating work.  

The Hudrokis Tree meets two core requirements that 
make it more applicable than existing classification 
standards: 1) It contains all common building object types 
of interest to the design, construction, and operation 
stages. Any non-visible object types such as foundations, 
piles, and ground beams are not included in the Hudrokis 
Tree since they are out of scope given that they are not 
visible in SVD. 2) It is a shape-oriented classification 
hierarchy. Also, this tree merged some object types with 
different functions but the same shape class into one 
object class. For example, we merged duct, piping, and 
drain segments into one segment class named “plumbing 
segment” since all these object types only have two 
geometry classes in practice: cylinder and cuboid. 
Overall, Hudrokis Tree is the prerequisite for ranking the 
top frequent object classes in a typical building and is 
considered as a general guide employed for the BDT 
geometry generating and updating in the future. 

Conclusion 
Buildings are not static; BDT endows them with dynamic 
characteristics. Structural, mechanical, and electrical 
components work together to build product information 
for BDT through the design, construction, operation and 
renovation stages. Keeping BDT dynamic by updating its 
geometry can facilitate progress monitoring and quality 
control, and thus support project management. PCD is 
widely used to extract 3D information in BDT geometry 
updating in decade years, but the main gaps mentioned 
before still need to be solved. Image-based methods are 
more capable of progress monitoring rather than quality 
control since it lacks 3D semantic information of as-built 
object instances. Combining PCD with images to develop 
hybrid methods can be one of the future directions to 
overcome challenges. Employing and developing 
machine learning and CNN-based methods can fasten the 
automation level of updating. Meanwhile, Hudrokis Tree 
can be used as a classification guide to facilitate 
generating and updating BDT geometry at any building 
lifecycle stages.  
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 Figure 2: New geometry-based building object class hierarchy – Hudrokis Tree (H.T.) 
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Abstract 

Existing maintenance methods in the building industry 

are insufficient. A major factor contributing to this 

situation is the lack of in-service system data, which 

characterizes the building industry. A framework for 

automated data acquisition to support optimal safety-

oriented maintenance of complex building systems is 

presented in this paper. It is inspired by methods used in 

the aviation industry but is tailored to the requirements 

of the building industry. The method is verified through 

an application in a real-life case study of an automated 

parking garage. 

Introduction 

The construction industry in general displays a poor 

performance in terms of safety, compared with other 

industries. This is true for construction processes (Edrei 

and Isaac 2017), but often also for building and 

infrastructure maintenance (e.g., Biondini and Frangopol 

2015, Lee et al. 2017, Nawi et al. 2017, Zanini et al. 

2016). Yet, buildings are also becoming more and more 

complex, and this could potentially exacerbate existing 

maintenance-related safety problems. Deringer et al. 

(2012) note several trends which are increasing the 

complexity and difficulty of properly maintaining 

buildings, including advanced digital control 

technologies and more ambitious performance goals, 

which increase the risk of failures. Cowlard et al. (2013) 

and Hopkin et al. (2016) mention the need for new 

approaches to fire safety as buildings become 

increasingly complex. Magruk (2015) discusses the 

increased vulnerability of “smart buildings” whose 

systems contain intelligent network devices. 

Several safety-oriented maintenance methods have been 

previously proposed for the building industry (Pukite 

and Geipele 2017). However, the research on property 

maintenance is in general still underdeveloped (Wu et al 

.2010; Lind and Muyingo 2012). Specifically, 

maintenance methods that have been previously 

proposed invariably require the analysis of in-service 

data (e.g. Morgado et al. 2017). Yet due to the 

uniqueness of buildings and the fragmentation of the 

industry, there is in practice often very little historical 

failure and maintenance data on which to rely, to 

improve safety management by implementing methods 

that are based on rigorous data analysis (Wu et al. 2010).  

The acquisition of building in-service data for safety-

oriented maintenance is currently a challenge when 

carried out manually. In their absence, maintenance is 

often based on (possibly erroneous) rules-of-thumb, 

which is likely to result in inefficient and/or possibly 

unsafe maintenance practices. Automation presents a 

possible solution to this problem, by enabling real-time 

data collection and monitoring. Several studies have 

consequently focused on the application of novel 

technologies, such as sensor and actuator networks and 

camera-equipped UAVs to enable real-time automated 

monitoring of building systems (e.g., Guerrieri et al. 

2013, Ham et al. 2016).  

Experience from other domains in which automation has 

been introduced, such as flight deck systems and 

operating rooms, indicates that the integration of 

automated components in a management system is not 

trivial. Several challenges can be expected in the actual 

application of automated systems: 

• A challenge of incorporating frequent changes and 

novel, unexpected circumstances, within the 

automated system (Dekker et al. 2002). 

• A lack of clarity as to when automated systems 

should initiate communication with human 

operators and require their intervention (Sarter et al. 

1997). 

• Problems of data overload, especially on those 

occasions when something has gone wrong, which 

requires human operators to quickly digest and 

interpret large amounts of relevant data as the events 

unfold (Woods 1996). 

The problem of data overload can be particularly vexing. 

Automated systems have shown a tendency to increase 

in scope over time, especially in complex environments, 

and to become more and more demanding in terms of 

administrative burdens. There is always a danger of 

crossing a line, whereupon the system turns from an aid 

into a hindrance, which users will try to avoid since it 

takes up too much of their time. With an automated 

“real-time” system that is based on large amounts of 

monitoring data, and may contain practically limitless 

inputs, this danger becomes particularly relevant. This 

paper consequently seeks to provide a formal framework 

for automated data acquisition that will support an 

optimal safety-oriented maintenance of complex 
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building systems. 

Safety-Oriented Building Maintenance  

Safety-oriented building maintenance involves planning 

the maintenance of safety-relevant building systems, to 

reduce safety risks to an acceptable level. The output of 

this planning process consists of building maintenance 

programs, which aim to ensure that buildings are in a 

safe condition and fit for use, and that their condition 

meets all statutory requirements (Alner and Fellows, 

1990). Such maintenance programs should also refer to 

the work necessary to maintain the value of the physical 

assets of the building stock, and the quality of the 

building (Horner et al. 1997).  

Prevailing approaches to building maintenance can be 

divided into three basic strategies, which are 

standardized in the industry, e.g., under European EN 

13306 (Lind and Muyingo 2012):  

• Corrective: ad-hoc activities are undertaken 

when an element in a building breaks down.  

• Condition-based: the optimal time to perform 

maintenance is determined according to the 

actual state of each building element, through a 

condition survey.  

• Preventive: time-based planned activities that 

aim to reduce the probability of occurrence of 

failure and avoiding sudden failure.  

While preventive maintenance can improve health and 

safety, it tends to involve many unnecessary tasks on 

elements that could have remained in a safe and 

acceptable operating condition for a much longer time, 

and which are usually very demanding in terms of spare 

parts and labor (Horner et al 1997). According to Wu et 

al. (2010), the lack of failure data and maintenance data 

is the main challenge for building maintenance from both 

the academic researchers’ and industrial practitioners’ 

points of view. Reliability defines the ability of an item 

to perform its required functions under stated conditions 

for a specific period and is an essential factor in assessing 

the performance of building services systems. However, 

from the practitioners’ viewpoint, reliability validation is 

a time-consuming and an administrative burden. 

Furthermore, it proves very hard to optimize preventive 

maintenance policies for practitioners due to a lack of 

sufficient failure data, which are used to fit lifetime 

distributions. Remarkably, industrial practitioners face 

the same problem as academic researchers who complain 

about not having sufficient data for their research. How 

to collect and log various reliability and maintainability 

related data is thus a challenge for both academia and 

industrial practitioners (Wu et al. 2010). Any application 

of technologies for automated data acquisition needs to 

meet this challenge.  

Learning from other Industries 

Buildings, and the processes of designing and 

constructing them, are widely seen as being unique when 

compared with other industries. Evidence of this 

viewpoint, and comments on it, abound. Rossi et al. 

(2012), for example. comment that each building is a 

unique product, which evolves differently during its 

lifetime, and this has implications for conducting life-

cycle assessments of buildings. De Ridder (2011) states 

that the uniqueness of each building prevents the 

learning of lessons, and results in suboptimal 

performance. A potential result of this viewpoint could 

be that it disconnects construction from other fields of 

research and practice in engineering, leaving it to be 

developed in relative isolation. A more nuanced 

approach, while still acknowledging the unique nature of 

construction and buildings, may uncover beneficial 

similarities with other domains in engineering, enriching 

both research and practice with new models and 

methods. This might be especially useful in the case of 

automated data collection for safety-oriented 

maintenance since the use of sensor and actuator 

networks for this purpose is quite common in other 

industries. Such an approach has not been sufficiently 

explored, even though many other industries also 

involve complex multidisciplinary systems. In fact, there 

are claims that this approach is precluded because of the 

variable, decentralized, project-based characteristics of 

the building industry. For example, Lind and Muyingo 

(2012) state that the idea that building maintenance can 

benefit from the experience in other industrial sectors, 

such as the airline industry, is mistaken.  

The aviation industry is closely associated with safety 

culture, because of comparatively high levels of risk 

awareness and preventive measures, and airlines can be 

regarded as “high-reliability organizations” (Atak and 

Kingma 2011). This paper is based on a study of methods 

used in the aviation industry, in particular MSG-3 

‘Operator/Manufacturer Scheduled Maintenance 

Development’.  MSG-3 is a document that was 

developed by the Airlines for America (Airlines for 

America 2015), and which is currently the leading and 

mandatory maintenance technique in aviation.  

Proposed Approach 

The objective of this this paper is to propose formal 

framework for planning the automated data acquisition 

that will support an optimal safety-oriented maintenance 

of complex building systems. The framework supports 

the definition of efficient scheduled monitoring tasks and 

intervals, to avoid information overload. These tasks and 

intervals become the basis for the building's maintenance 

processes.  The framework should consequently be easy 

to implement by facility maintenance personnel. 
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Figure 1: Proposed Framework 

To enable the systematic collection of the necessary data, 

the framework is organized in three sections, where each 

section addresses a different division of the building into 

systems and subsystems, as will be further explained 

(Figure 1): 

• Section 1: Building systems and components.   

• Section 2: Structural analysis of the building.  

• Section 3: Zonal inspections.   

A building is thus addressed as an ensemble of complex 

systems, each of which needs to be analyzed in detail. 
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This approach is based on the assumption that a single 

straight-forward hierarchical division into systems and 

components is unlikely to be sufficient, given the 

interdependencies of the different systems in a building.  

For each division a systematic process is employed to 

identify the system’s significance or nature; and based 

on an analytical and integrated review of the 

maintenance concerns, a logic diagram is used to 

determine the monitoring tasks and intervals. The 

objective of these monitoring tasks is to prevent 

deterioration of the inherent safety and reliability levels 

of the building, by readily identifying any malfunctions. 

Section 1: Building Systems  

The main purpose of the first division of the framework 

is to identify the Maintenance Significant Items (MSI) of 

each system, and to define the monitoring tasks for each 

of these items. Planned automated monitoring is based 

on the function of the item, its main parts, the expected 

failure rate (based on life expectancy), the functional 

failures, the failure effects (safety or operational) and 

causes. Next, monitoring tasks are selected using a 

decision logic diagram (not included in the paper for 

reasons of brevity) and the technical data available. This 

is carried out through an evaluation of failure 

consequences, and a determination of the specific type 

of tasks according to the failure consequences. It may be 

reviewed overtime based on implementation and in-

service information.  

This process of identifying MSIs is a conservative 

process using engineering judgment based on the 

anticipated consequences of failure. First, the building is 

divided into major systems and subsystems, up to the 

level at which all replaceable components have been 

identified. The level above the lowest level of 

replaceable components is considered the Highest 

Manageable Level; i.e., one which is high enough to 

avoid unnecessary analysis, but low enough to be 

properly analyzed and ensure that all functions, 

functional failures and failure causes are covered. Then, 

a series of questions is applied to the list of items that 

have been identified: 

• Could a failure be undetectable or not likely to 

be detected during normal duties? 

• Could a failure affect safety, including 

safety/emergency systems or equipment? 

• Could a failure have a significant operational 

impact? 

• Could a failure have a significant economic 

impact? 

For those items for which at least one of the four 

questions is answered with a "YES," further analysis is 

required. The decision logic has two levels of analysis: 

Level 1 Analysis requires the evaluation of each 

functional failure to determine the failure effect 

category, i.e., safety, operational, economic, hidden 

safety or hidden non-safety 

Level 2 Analysis takes the failure causes for each 

functional failure into account to select the specific type 

of tasks required.  

In the next stage, the most appropriate monitoring task 

and interval is selected, based on available data and good 

engineering judgment.  

Section 2: Structural Monitoring 

Some, or all, of the building systems may be affected by 

the consequences of structural damage that remains 

undetected. To prevent this from occurring, each 

structural item is assessed in terms of susceptibility to 

any form of damage, and the degree of difficulty 

involved in detecting such damage. Once this is 

established, an automated structural monitoring process 

can be developed which is effective in detecting and 

preventing structural degradation due to Fatigue 

Damage, Environmental Deterioration, or Accidental 

Damage throughout the operational life of the building: 

Accidental Damage (AD) is characterized by the 

occurrence of a random discrete event which may reduce 

the inherent level of residual strength. Sources of such 

damage include erosion from rain, hail, lightning, 

spillage, freezing, thawing, etc., and those resulting from 

human error during the structure's construction, 

operation or maintenance that are not included in other 

damage sources. The consequence of damage may not be 

readily apparent and may include internal damage. 

Environmental Deterioration (ED) is characterized by 

structural deterioration because of a chemical interaction 

with its climate or environment. Assessments are 

required to cover corrosion, including stress corrosion, 

and deterioration of non-metallic materials. Corrosion 

may or may not be time/usage dependent.  

Fatigue Damage (FD) is characterized by the initiation 

of a crack or cracks due to cyclic loading and subsequent 

propagation. It is a cumulative process with respect to 

high cyclic loading of the structure. 

The building's structure consists of all loads carrying 

structural members. A Structural Significant Item (SSI) 

is any detail, element, or assembly, which contributes 

significantly to carrying loads, and whose failure could 

affect the structural integrity necessary for the safety of 

the building. An SSI may or may not contain a Principal 

Structural Element. A Principal Structural Element is 

any element which contributes significantly to carrying 

loads, and whose consequence of failure is catastrophic. 

All Principal Structural Elements are considered as 

structurally significant . 
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The most applicable and effective structural monitoring 

tasks are selected for each deterioration process of the 

SSI. To assure a direct correlation between the structural 

damage tolerance evaluations and the structural 

monitoring, it is necessary to define monitoring 

thresholds and intervals for each task. The monitoring 

threshold for each SSI monitoring task is a function of 

the source of damage and can be based on the monitoring 

interval (for Accidental Damage), on relevant service 

experience and contractors’ recommendations (for 

Environmental Deterioration), and on a threshold to be 

established by the contractor and approved by the 

appropriate regulatory authority (for Fatigue Damage).  

The scheduled structural monitoring tasks and intervals 

are based on an assessment of structural design 

information, fatigue and damage tolerance evaluations, 

service experience with similar structure and pertinent 

test results. The selection of structural monitoring tasks 

should include the following considerations: 

• The sources of structural deterioration: 

Accidental Damage, Environmental 

Deterioration, and Fatigue Damage. 

• The susceptibility of the structure to each 

source of deterioration with regards to the 

operating environment. 

• The applicability and effectiveness of various 

methods of preventing, controlling, or detecting 

structural deterioration, considering monitoring 

thresholds and intervals. 

Section 3: Zonal Monitoring 

The third section of the framework, following the 

analysis of the building’s systems and structure, 

concerns Zonal Monitoring. This type of monitoring 

allows an evaluation of the possible contribution to 

degradation and functional failure of many adjacent 

supporting components such as plumbing, ducting, 

electrical wiring installations, etc. For this type of 

analysis, the building is divided externally and internally 

into work zones, and a monitoring plan is developed for 

each zone. The plan presents information about the zone, 

such as its location, access, approximate size, systems 

installed, and combustible materials in the zone. It also 

contains a developed zonal monitoring interval rating 

table, based on identification of the zones' density of 

components, likelihood of accidental damage and 

environmental deterioration. Finally, a monitoring 

schedule is defined to address these damages. 

Application of the Proposed Approach 

To assess the applicability and comprehensiveness of the 

proposed approach, it was tested in a case study of an 

automated parking garage. Local regulations and 

standards either did not apply to automated garage 

systems or did not include specific norms or methods for 

their monitoring and analysis for safety-oriented 

maintenance purposes. The case-study used to verify the 

proposed framework was based on a typical kind of 

automated parking system, installed in a residential 

building with capacity of 10 cars. Using the previously 

defined framework, an analysis was carried out in 3 

sections:  

1. Garage Systems   

2. Garage Structure.  

3. Zonal Monitoring.  

Garage Systems Analysis 

The procedure for identifying the Maintenance 

Significant Items (MSIs) of each system, and for 

defining the monitoring tasks of these items, was 

implemented for the automated parking garage. To select 

the MSIs, the garage was divided into major and 

subsidiary functional areas in a top-down approach. For 

example, the “Garage Entrance” was identified as a 

major functional system, with 3 sub-systems: 

1. Entrance Gate 

2. Fencing 

3. Control Stand 

For each sub-functional system, monitoring tasks were 

developed and intervals were determined, using an 

Integrated Logic diagram (which is not described in 

detail here for reasons of brevity. 

Garage Structural Analysis 

The procedure for defining the structural monitoring 

tasks was applied to the complete undivided garage 

structure, which is a concrete structure reinforced with 

steel. Causes for both Accidental Damage (AD) and 

Environmental Deterioration (ED) were identified. 

Regarding Fatigue Damage (FD), which can be 

characterized by the initiation of cracks in the structure 

due to cyclic loading of vehicles, and their subsequent 

propagation, these were assessed as having a negligible 

effect on the concrete structure.  

Zonal Inspections Analysis  

After the division of the garage into zones, a monitoring 

plan was defined for each zone with aid of the previously 

described approach. The garage is divided into three 

zones: 

1. Street level 

2. Transitional level. 

3. Underground level 

A monitoring schedule was defined for each zone that 

would address potential damages. 
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Conclusions 

The acquisition of building in-service data for safety-

oriented maintenance is currently a challenge when 

carried out manually. Automation presents a possible 

solution to this problem, by enabling real-time data 

collection and monitoring. However, the actual 

application of automated monitoring systems is known 

to create new challenges, including problems of data 

overload. Consequently, a formal framework is 

presented for planning the automated data acquisition 

that will support an optimal safety-oriented maintenance 

of building systems. Whereas previous publications 

argued that methods from other domains, such as those 

common in the aircraft industry, are not well-suited for 

the building industry, this paper shows that while 

acknowledging the unique characteristics of the building 

industry, such methods can provide a source of 

inspiration. 

The proposed framework supports the definition of 

efficient automated monitoring tasks and intervals, to 

avoid information overload. These tasks and intervals 

become the basis for the building's maintenance 

processes.  To enable the systematic collection of the 

necessary data, the framework addresses buildings as an 

ensemble of complex systems, each of which needs to be 

analyzed in detail. Given the interdependencies of the 

different systems in a building, a single straight-forward 

hierarchical division into systems and components is 

unlikely to be sufficient. Consequently, the framework is 

organized in three sections, where each section addresses 

a different division of the building. 

The proposed framework enables the identification of 

the most significant building systems for maintenance 

and the consequences of their failures, determining 

monitoring tasks and intervals, and selecting the most 

effective automated monitoring strategy among those 

applicable. The framework relies on resources that can 

be applied within reasonable scope, and its outputs 

include practical instructions for the maintenance 

personnel. The framework was comprehensively applied 

to an automated parking garage example to verify its 

feasibility. 
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Abstract
Crack detection plays a key role in automated pavement
inspection. Although a large number of algorithms have
been developed in recent years to further boost perfor-
mance, there are still remaining challenges in practice, due
to the complexity of pavement images. To further acceler-
ate the development and identify the remaining challenges,
this paper conducts a comparison study to evaluate the per-
formance of the state of the art crack detection algorithms
quantitatively and objectively. A more comprehensive an-
notated pavement crack dataset (NHA12D) that contains
images with different viewpoints and pavements types is
proposed. In the comparison study, crack detection al-
gorithms were trained equally on the largest public crack
dataset collected and evaluated on the proposed dataset
(NHA12D). Overall, the U-Net model with VGG-16 as
backbone has the best all-around performance, but models
generally fail to distinguish cracks from concrete joints,
leading to a high false-positive rate. It also found that
detecting cracks from concrete pavement images still has
huge room for improvement. Dataset for concrete pave-
ment images is also missing in the literature. Future di-
rections in this area include filling the gap for concrete
pavement images and using domain adaptation techniques
to enhance the detection results on unseen datasets.

Introduction
Automated pavement inspection involves taking RGB im-
ages of pavements with surveying vehicles and assessing
their condition with image processing technologies. Crack
detection is the task to extract crack information from 2D
pavement images. There are various definitions of crack
detection, and this paper focuses on pixel-level crack de-
tection, which classifies each pixel in an image into the
crack or non-crack pixel. Cracking is the most common
type of surface distress on pavements and the severity of
cracking on pavements is an essential indicator of pave-
ment conditions (Ragnoli, De Blasiis and Di Benedetto
(2018)). As a result, crack detection plays a key role in
pavement management systems for determining optimal
maintenance strategies. Crack detection from 2D images
is a long-standing research challenge due to its inherent
irregular patterns of crack, noise in images and different
lighting conditions. In the early days, researchers used im-
age processing techniques such as edge detection to extract
the skeleton of cracks from images. In recent years, a large
number of machine learning-based crack detection algo-
rithms, such as DeepCrack ( Jenkins et al. (2018)), Crack-
forest(Shi et al. (2016)) have been developed and many of
them demonstrated promising performance. However, to

date, fully automatic crack detection remains a challenge
as in practice, pavement images captured on highways have
more complex backgrounds and conditions than images in
public datasets.
To further accelerate the performance, we propose a new
dataset, which contains images with more comprehensive
cases, such as different pavement types and viewpoints.
The pavement images in the proposed dataset were cap-
tured by National Highways digital survey vehicles on the
A12 network, the UK. Cracks in the proposed dataset were
visually identified and labelled at the pixel level. Moreover,
a benchmark study for the state of the art (SOTA) crack de-
tection algorithms is conducted, where three SOTA crack
detection algorithms were selected and tested on the pro-
posed dataset. The performance of three different detec-
tion models is quantitatively and objectively evaluated with
consistent evaluation matrices. The detection results, as
an example shown in Figure 1, are used to identify the
remaining challenges and potential directions for future
development.
This paper is organized as follows. The section Intro-
duction briefly introduces the background, research gap,
and objectives for this study. The section Related Work
describes the state of the art crack detection algorithms,
existing benchmark studies and available pixel-level crack
detection datasets. The section Methodology discusses
the proposed dataset and implementation details for the
comparison study. The section Results and Discussion
evaluates the numerical and visual results of the models
and discusses outcomes. The potential future research
direction is also highlighted. The section Conclusions
presents the study conclusions and highlights recommen-
dations for future research.

Figure 1: Crack detection results on the proposed dataset. SoTA
crack detection algorithms still have outstanding high false

positive rates on concrete pavement images.
Black pixels: true positive; red pixels: false positive; green

pixels: false negative

Page 285 of 605



Related Work
In the past two decades, methods to detect cracks from
2D pavement images have been investigated extensively as
the need to achieve automated pavement inspection arises.
In general, methods proposed by different scholars can
be divided into two categories: Image processing-based
methods and machine learning-based methods. Image
processing-based methods use techniques such as intensity
thresholding (Wang and Tang (2011); Katakam (2009);
Oliveira and Correia (2009); Li et al. (2016); Tang and Gu
(2013); Hu and Zhao (2010)), edge detection (Zhao, Qin
and Wang (2010); Attoh-Okine and Ayenu-Prah (2008);
Wang, Li and Gong (2007); Yan et al. (2007)) to extract
crack skeleton from images. However, these methods tend
to fail under complicated backgrounds and have low ro-
bustness against the change of environments. Machine
learning-based methods, especially deep learning meth-
ods, although require a large amount of annotated datasets
for training, have shown impressive results in recent years
and outperform image processing-based methods in many
dimension.

Crack Detection Algorithms
In the past five years (2016-2021), numerous machine
learning algorithms were developed for crack detection.
Shi et al. (2016) proposed a novel crack detection frame-
work based on random structured forests named Crack-
Forest. Some general algorithms for 2D image segmenta-
tion, such as UNet (Jenkins et al. (2018)), DeepLab (Chen
and Jahanshahi (2018)) have also been proven to be very
powerful for crack segmentation. Lau et al. (2020) pro-
posed a UNet based network architecture in which they
replace the encoder with a pre-trained ResNet-34 neu-
ral network. Likewise, Dung and Anh (2019) proposed a
method based on a deep fully convolutional network (FCN)
to detect cracks in concrete images. Jenkins et al. (2018)
proposed DeepCrack CNN for automatic crack detection
by learning high-level features for crack representation.
Yang et al. (2020) proposed a novel network architec-
ture, named Feature Pyramid and Hierarchical Boosting
Network (FPHBN), for pavement crack detection. These
methods have all been tested on public data and proved
to have great results. However, most algorithms are only
tested on one or two public datasets, while their robustness
across multiple datasets remains unevaluated.

Comparison Studies
With the rapid emergence of new crack detection algo-
rithms, the necessity to benchmark different crack de-
tection algorithms also increases. In the literature, most
model comparisons were conducted when a new algorithm
was proposed (Yang et al. (2020); Zou et al. (2019); Lau
et al. (2020); Li et al. (2019)). This type of comparison,
however, tends to be inaccurate due to several reasons.
For example, in some publications, different CNN-based
models were evaluated without being trained on the same
dataset, which makes the comparison unrigorous as the

training scheme has sufficient impacts on the model per-
formance. Also, the detection results in some papers were
cited directly from other papers without considering the
image pre-processing steps, implementation methods and
evaluation details. Results from these comparisons tend to
subject to bias to support the proposed algorithms. In the
past, there are also some research work that specifically
focused on model comparison. For example, Tsai, Kaul
and Mersereau (2010) carried out a benchmark study for
various crack detection models. In this work, six different
algorithms were tested on pavement images captured on in-
terstate highway I-75/I-85 near Atlanta and provided by the
Georgia Department of Transportation. However, as this
work was conducted in 2010, before the rise of machine
learning-based methods, only image processing models
were assessed. Dorafshan, Thomas and Maguire (2018)
also tested six edge detection models and three deep learn-
ing models on concrete images. However, models used
in that study detect cracks on classification level and can-
not achieve pixel-level detection. Hsieh and Tsai (2020)
carried out a benchmark for machine learning-based crack
detection models, but their focuses were on 3D crack pave-
ment images that were captured by laser scanners. There-
fore, a comprehensive and robust comparison of the latest
2D crack detection algorithms is still missing in the liter-
ature.

Crack Detection Dataset
To fulfil the needs of benchmark study and training ma-
chine learning models, several crack detection datasets
were proposed in the literature. A comprehensive search
of the public crack dataset that labelled crack at the pixel
level is conducted and the available datasets are listed in
Table 1. CFD dataset (Shi et al. (2016)) is the most widely
used dataset for crack detection, which consists of 118 im-
ages of cracks on urban road surfaces in Beijing taken by
iPhone 5. Each image is resized to 480 ×320 pixels and
has been labelled at the pixel level. Similarly, Crack500
(Lau et al. (2020)) that were collected on the main cam-
pus of Temple University using cell phones, consists of
500 RGB images of pavement cracks of size around 2560
×1440 pixels that. The other seven datasets in the lit-
erature, along with their parameters, are listed in table
1. In summary, most datasets were captured on asphalt
pavements, and images on concrete pavement is rare. De-
spite a large number of available datasets in the literature,
the dataset that covers a range of complicated scenes on
pavements is still needed.

Methodologies
Proposed Dataset
An annotated road crack dataset named NHA12D is pro-
posed. The proposed dataset is directly taken by National
Highways Surveying vehicles. This dataset is composed
of 80 pavement images, including 40 concrete pavement
images and 40 asphalt pavement images. Each image has
a resolution of 1920× 1080 and captures the view for an
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Table 1: A comparison of existing crack dataset and the proposed NHA12D dataset

Name Reference Resolution Type of Label Viewpoint Surface

CFD1 Shi et al. (2016) 480×320 Pixel-Level Vertical Asphalt
Crack500 Lau et al. (2020) 2560×1440 Pixel-Level Random Asphalt

CrackTree260 Zou et al. (2012) 960×720 Skeleton2 Vertical Asphalt
DeepCrack Zou et al. (2019) 544×384 Pixel-Level Random3 Random
GAPs384 Yang et al. (2020) 1920×1080 Patch-Level4 Vertical Asphalt
Stone331 Zou et al. (2019) 1024×1024 Pixel-Level Random Stone

CRKWH100 Zou et al. (2019) 512×512 Pixel-Level Vertical Asphalt
CrackLS315 Zou et al. (2019) 512×512 Pixel-Level Vertical Asphalt

AigleRN S. Chambon (2011) 991×462 Pixel-Level Vertical Asphalt
NHA12D – 1920×1080 Pixel-Level Vertical+Forwarding Concrete+Asphalt

1 Most commonly used crack dataset to verify the detection results for crack detection models
2 CrackTree260 labels only depict the skeleton of the crack without rendering the width
3 DeepCrack contains a variety of surface including pavements, building walls, stone, metals and so on.
4 GAPs384 are divided into 64×64 patches and each patch is labelled as a crack or not

individual lane on the A12. Some images also contain ve-
hicles, road markings, road studs, water stains, and other
random objects. Concrete pavements have transversal and
longitudinal joints every certain meter, which can be chal-
lenging for crack detection models to differentiate. For
different types of pavements, 25 images were taken by
cameras with a vertical viewpoint, and the other 15 were
taken with a forwarding camera1.
Each image was carefully labelled at the pixel level. The
segmentation masks are binary images where crack pixels
have 255 as their intensity value while the other areas, i.e.
backgrounds have intensity values of 0, as shown in Figure
2.

Models selection
Three crack detection models were selected for this bench-
mark study, including:

• VGG-16/UNet (Dung and Anh (2019)), a model that
uses VGG-16 as the backbone encoder, UNet as the
main architecture, and binary cross entropy as loss
function

• DeepCrack (Zou et al. (2019)), a CNN-based model
that is designed specifically for crack segmentation

• ResNet-34/UNet (Lau et al. (2020)), a model that has
ResNet-34 as its backbone, UNet as main architec-
ture, and the model is trained directly by optimizing
the dice coefficient

Implementation Details
All training experiments in this project were performed on
Intel Core i7-8700 Six-Core CPU and a single NVIDIA
Tesla P100 16 GB GPU. The implementation details for
different models are listed below:

• VGG-16/UNet: The VGG-16/UNet architecture is
built with implemented with Pytorch API. The
weights of VGG-16 pre-trained on the ImageNet
dataset is used for initialization.

1Available at https://github.com/ZheningHuang/NHA12D-Crack-
Detection-Dataset-and-Comparison-Study

• DeepCrack: The DeepCrack Model was also devel-
oped with Pytorch. The source code was published
along with the paper and was used in this project for
training and testing (Zou et al. (2019)).

• ResNet-34/UNet: A model to implement ResNet-
34/UNet was developed with Tensorflow/ Keras. The
ResNet-34 encoder was pre-trained on ImageNet
datasets.

Training Scheme
To optimize the performance of learning based models, we
trained all models on a comprehensive dataset that contains
all available crack datasets listed in table 1. We also added
some non-crack images for data balance purposes. Overall,
this merged dataset contains 11,220 images, with the data
distribution and pixel evaluation shown in Table 2. All
images were resized to 448×448.

Table 2: Distribution of crack and Non-crack images in the
merged dataset

Image
Type

Number in
Training
Set

Number in
Validation
Set

Crack
Images

8405 1484

Non-Crack
Images

1199 212

Data Augmentation
Image augmentation artificially creates training images
through different processing methods or a combination
of multiple processing methods. It can enlarge the train-
ing dataset and therefore boost the performance of models.
In this experiment, image augmentation was applied ran-
domly to each image during the training process to increase
the number of training examples virtually. Three types of
augmentation were performed:

• Rotate image randomly between 0◦ to 360 ◦
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Figure 2: Our proposed Crack Detection Dataset (NHA12D) contains different pavement types and viewpoints images. Each image
captures the view of entire lanes and provides the high-quality pixel-level crack annotation.

C: Concrete, A: Asphalt, F: Forwarding view, V: Vertical view

• Random flips in horizontal and vertical axes

• Random change in lighting

The same augmentation was also applied to the ground
truth of each training image, except for the random change
in lighting.

Testing Scheme
Patchwise testing scheme
Four crack detection model takes images input of size
256× 256. For large images that have a size of 1920×
1080. This resizing process can significantly reduce the
information stored in the images and therefore harm the
testing results. To overcome this problem, we develop a
new testing scheme that first crops the raw images into
24 small patches, which have sizes of 270× 320. Each
patch was then tested independently with the detection
models and the testing results were merged to form the final
prediction. Another reason for cropping raw images is to
compensate for the pixel ratio difference between testing
and training datasets. As shown in table 3, for crack images
in the training dataset, the crack pixel ratio is 4.66%, while
in the NHA12D dataset, this ratio is 0.40% originally.
Cropping images using the aforementioned method can
significantly increase the ratio of crack pixels in crack
images by around six times, to 2.40%. Narrowing down
the ratio difference between testing and training datasets
has the potentials to boost the model performance.

Table 3: The percentage of crack and non-crack pixels in the
NHA12D dataset, before and after the patch-wise

pre-processing step

Pre-
processing

Crack
Pixel

Non-crack
Pixel

Before 0.40% 99.60%

After 2.40% 96.60%

Training Set 4.66% 95.34%

Otsu thresholding
The testing results from different models are greyscaled
images that have pixel intensity varies from 0 to 255. The
value of each pixel represents the likelihood of that pixel
being a crack. However, the ground truth dataset is made
up of binary images with the crack pixels being 255 and

non-crack pixels being 0. To make them comparable, the
Otsu thresholding method was applied to binarize the test-
ing results. Otsu threshold returns a single intensity thresh-
old that separates pixels into two classes, foreground and
background, by minimizing intra-class intensity variance.
An example of this operation is shown in Figure 3.

Figure 3: An illustration of using the Otsu threshold to binarize
testing results.

Evaluation metrics
Precision, Recall and F1 score are the three most com-
monly used parameters for crack detection evaluation, so
we choose this metrics for this study. Three parameters
can be obtained by using the following equations.

Precision =
T P

T P+FP
Recall =

T P
T P+FN

F1 =
2×T P

2×T P+FP+FN
In the evaluation step, the value of TN, FP, TN, TP were cal-
culated by comparing the binary testing results of images
to their ground truth segmentation masks. Also because
there are transition regions between the crack pixels and the
non-crack pixels in the subjectively labelled ground truth,
results that are two pixels near any labelled crack pixel are
considered as true positives. This evaluation convention is
widely used in other crack detection research ( Lau et al.
(2020); Amhaz et al. (2016); Fan et al. (2018); Liu et al.
(2019); Ai et al. (2018)). The overall training and testing
process are illustrated in Figure 4.

Results and Discussion
Numerical Results
The testing results of three models on different images
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Figure 4: The overall training and testing process of this benchmark study. The NHA12D were split into patches before being tested on
three CNN-based models that were pre-trained on the merged dataset and the Localized Thresholding model. The tested patches were

merged to form the final testing results.

were evaluated from various perspectives. All results
are summarized in Table 4. From the result, the VGG-
16/UNet model has the best overall performance, as the
F1 score indicates. The second-best performance model is
the ResNet34/UNet model. From The recall perspective,
the DeepCrack model outperformed other models with
a very high margin, while from the precision perspec-
tive, two UNet-based models demonstrated similar perfor-
mance and outperform better than the other two models.
Models tested on concrete pavement images generally had
higher recall scores, but lower precision scores, due to the
false positive results on concrete joint region.

Visual Results

Figure 5 shows sample visual results from different mod-
els. In total, 8 images are presented, including two images
for each pavement type on each viewpoint. Black and Red
colours are used to indicate true positive pixels and false-
positive pixels respectively.
The DeepCrack model generally captured all crack pixels
in images regardless of viewpoints and pavement types, al-
though it also commonly misrecognized concrete joints as
cracks in all images. Visually, the VGG-16/UNet model
has the closest match to the ground truth segmentation
mask. The ResNet-34/UNet model demonstrated a very
similar performance to the VGG-16/UNet model. The Lo-
calized thresholding model has reasonable performance on
some images, but overall it failed to do the crack detection
job on the NHA12D dataset.

Discussion

Considering that the purpose of using crack detection al-
gorithms is to eliminate or sufficiently reduce the need to
examine the raw images, it is important to capture most
cracks and avoid misclassifying healthy surfaces. From
this perspective, the three latest crack detection models
perform poorly on the proposed pavement dataset. All
models were unable to differentiate between cracks and
concrete joints, leading to a high false-positive rate. Also,
some model failed to recognize obvious cracks on asphalt
pavements, making them unusable in real practice. The
training dataset, which is a large collection of all available
crack datasets, contains very few images for concrete pave-
ments where joints and cracking co-exist. Consequently,
such knowledge cannot transfer to model. This highlights
the need to collect and label concrete pavement images for
crack detection.
Another reason for the unsatisfactory performance is
the difference between the training datasets and testing
datasets. The machine learning model normally assumes
that the training and testing sets come from the same dis-
tributions/domain. Directly applying the trained model
on the new dataset may cause degradation in the perfor-
mance. In our case, models were trained on public crack
datasets but then tested on new images in NHA12D dataset,
which is a typical Domain Shift challenge. To overcome
these challenges, using domain adaptation techniques such
as generating synthetic data can boost performance. Re-
search in this area is less studied in current literature.
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Figure 5: Eight examples of crack detection results by different models, including 2 images for each pavement type on each viewpoint
in NHA12D dataset.

Black pixels: True Positive; Red pixels: False Positive, Green Pixels: False Negative

Table 4: Quantitative comparisons of Four Algorithms on the NHA12D dataset, with the highest value highlighted in bold

Pavement Type Technique Vertical View Forwarding View
Recall Precision F1-Score Recall Precision F1-Score

C
on

cr
et

e DeepCrack 0.963 0.219 0.349 0.966 0.141 0.243
VGG16/UNet 0.915 0.507 0.638 0.924 0.353 0.504

ResNet34/UNet 0.935 0.427 0.570 0.922 0.250 0.385

A
sp

ha
lt DeepCrack 0.903 0.356 0.505 0.803 0.320 0.435
VGG16/UNet 0.780 0.565 0.646 0.616 0.557 0.570

ResNet34/UNet 0.733 0.533 0.603 0.498 0.564 0.477
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Conclusions
Crack detection from 2D images has been investigated in-
tensively and a large number of papers have been published
in the last two decades. However, fully automated crack
detection remains challenging due to the complex pave-
ment images captured in practice. To thoroughly examine
the SOTA crack detection algorithms, we proposed a new
dataset that contains a more complicated background and
various types of pavement. Also, we conducted a robust
benchmark study of three the state of the art crack detec-
tion algorithms, including DeepCrack, VGG-16/UNet and
Resnet34/UNet, on the proposed dataset, to quantitatively
and objectively evaluate their performance. Experiments
show that there is still a gap in concrete pavement crack
detection because current models fail to separate concrete
joints and cracks. From the outcome of the benchmark
study, we identify the potential directions in the future
including, a) producing the more well-labelled crack im-
ages on concrete pavements and developing algorithms for
concrete pavement images, b) applying domain adaptation
techniques to enhance the model performance on unseen
images.
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Abstract 

The evaluation of roadway networks utilizing 

contemporary datasets is currently conducted periodically 

because of the collection methods’ cost. Nowadays, the 

development of smart city-based systems aims to 

transform city road infrastructure using big data 

information and communications technology. The 

proposed system utilizes vehicles, smartphones, onboard 

diagnostic (OBD) devices and machine learning 

algorithms. The major contribution of this work is the 

development of a cost-efficient smart city-based 

assessment system that evaluates roadway pavement 

roughness conditions more frequently than current 

systems. The system’s roadway daily information can be 

utilized by pavement agencies for automating the 

planning of pavement maintenance. 

Introduction 

Current trends in urbanization, economic growth, 

technological processes and environmental sustainability 

are the drivers for an urgent need for cities to become 

‘smarter’ in how they manage their infrastructure and 

resources (Naphade et al., 2011). A smart city is a built-

up system that combines data and communication 

technologies (ICT), and internet of things (IoT) 

technologies to certify that municipal services and 

infrastructure are operating accordingly (El-Wakeel et al., 

2018). Alternatively, a smart city is an urban area that uses 

different types of electronic methods and sensors to 

collect specific data, and information gained from that 

data is in turn used to manage assets, resources and 

services efficiently and to improve operations across the 

city. This includes data collected from citizens, devices, 

buildings and other urban assets. The final aim of a smart 

city is to make more efficient use of the public resources, 

increasing the quality of the services offered to the 

citizens, while reducing the operational costs of the public 

administrations (Zanella et al., 2014). With regard to 

roadway pavement maintenance, this objective can be 

pursued by the deployment of a smart-city-driven 

pavement roughness evaluation system utilizing vibration 

sensors and machine learning. 

Poor roadway pavement conditions, such as potholes, 

patches, rutting, raveling and cracks, can produce costly 

consequences to municipalities and drivers. For example, 

in 2011, UK councils paid more than 22 million sterling 

pounds as compensation to drivers whose cars were 

damaged by potholes (Xue et al., 2017). Further to 

reducing such adverse consequences, the development of 

tools that facilitate the appraisal of roadway conditions 

and smart-city-based intelligent transportation systems 

(ITS) would contribute to an increase in driver safety and 

comfort and a decrease in traffic accidents and vehicle 

damage (Yi et al., 2015). In fact, according to Fixing 

America’s Surface Transportation (FAST), each US state 

is required to develop a pavement management system 

(PMS) to optimize the allocation of available resources 

and for planning pavement maintenance (Aleadelat et al., 

2018).  

The international roughness index (IRI) is the most widely 

used pavement quality index and is considered as a critical 

pavement condition parameter along with other pavement 

distresses (potholes, patches, rutting, raveling and cracks) 

(Ksaibati et al., 1999). According to ASTM E87-06, 

pavement roughness is defined as ‘the deviation of a 

surface from a true planar surface with characteristic 

dimensions that affect vehicle dynamics and ride quality. 

Thus, a high level of profile variation (roughness) can 

decrease driver safety, and increase, traffic accidents, 

vehicle damages and operating costs by 4-5% (Islam and 

Buttlar, 2012). Further, according to Zaabar and Chatti 

(2014), an increase in IRI of 1m/km increased fuel 

consumption of passenger cars by 2% to 3% regardless of 

speed. Additionally, the cost of evaluating IRI varies in 

the range of $1.4-$6.20 per kilometer (McGhee, 2004). To 

sum up, the overall cost and maintenance of the PMS 

equipment are very high which reduce the system’s 

feasibility. Consequently, pavement agencies evaluate 

roughness roadway quality approximately only once or 

twice per year because the existing high-end vehicles for 

the assessment of pavement network cost approximately 

one million US dollars (Fugro Roadware, 2022). Who, 

then, assesses pavement conditions between these two 

evaluations?   

Comparatively, the evolution of smart devices, the 

increased number and the low cost of sensors found in 
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smartphones make them suitable for various 

crowdsourcing applications, specifically ones that are 

used in road information services (Wahlström et al., 

2017). More specifically, the current generation of 

smartphones is equipped with numerous sensors such as 

Global Positioning System (GPS), accelerometers, 

gyroscopes, and others, which could save data that can be 

analyzed and processed to give valuable information 

about road conditions and anomalies (Kyriakou & 

Christodoulou, 2017). Further, smartphones can be used 

in monitoring roadway pavements conditions in the 

context of building dynamic roadway network mappings 

that could benefit pavement authorities and drivers alike 

(Kyriakou & Christodoulou, 2021).  

This primary key contribution of this research is to 

address the high-cost low-frequency pavement 

monitoring systems (mentioned in existing technologies) 

by developing a smart-city-based pavement roughness 

surface condition system (Figure 1), having as a principal 

goal the development of a low-cost vibration-based data 

acquisition and a reliable five-class roughness system for 

the classification of pavement roughness levels (instead of 

two or three categories mentioned in the literature). The 

proposed system architecture has been already field-tested 

for the evaluation of roughness conditions and the 

classification of five rating categories. 

Further to this short introduction, a literature review 

section presents brief overviews of past and ongoing work 

related to the development of a roughness evaluation 

system for roadway pavements by use of smart devices. A 

section on the proposed system presents the data 

collection system and the analysis method, while the 

results and discussion sections include the processes and 

tools used to evaluate roughness levels of roadways based 

on the sensed data. The paper concludes with key findings 

and with an outline of future work. 

 

 
Figure 1: Smart city-based pavement roughness evaluation 

system 

Literature review 

In developed countries, pavement agencies utilize 

specialized hardware and software for the evaluation of 

roadway networks, which are hosted on expensive high-

end vehicles (Wolters et al., 2011). These specialized 

platforms typically use machine vision and laser 

technologies, and they can provide a reliable standard 

rating system for pavement networks (AASHTO, 1993). 

The costs related to existing technologies are comprised 

of several components (e.g., data collection, database set-

up, software, training and personnel costs, consulting 

services) and the typical combined unit cost of pavement 

imaging analysis ranges from $15 to $52 per kilometer 

(McGhee, 2004). Because of this high unit cost, the 

evaluation of pavement networks is typically conducted 

no more than twice a year.  

In such an evaluation process, crucial is the stages related 

to data collection, classification, and spatial mapping of 

pavement conditions. Alternatively, the concept of 

‘citizen sensing’ which takes advantage of smartphones’ 

sensors has been employed by scientists because of its 

low-cost, high efficiency and high scalability. 

Smartphones also remove the need to deploy special 

sensors and specialized vehicles. For that reason, a 

plethora of research has already published works on low-

cost pavement condition assessment using smartphones, 

threshold algorithms, and machine learning and related 

work is discussed below. 

Bhoraskar et al. (2012) proposed a non-intrusive method 

that used smartphones’ sensors. The researchers were 

interested in identifying braking events, assuming that 

frequent braking is an indication of congested traffic 

conditions and bumps on the road to characterize the type 

of the road. They applied machine learning techniques (k-

means clustering) to classify data and helped the system 

to adapt to changing factors such as the condition of the 

roadway, and Support Vector Machines (SVM) to further 

improve the negative rates of their system’s accuracy. 

Seraj et al. (2014) monitored pavement surface conditions 

utilizing smartphones equipped with GPS, 

accelerometers, and gyroscopes. Their system 

implemented wavelet decomposition analysis for signal 

processing of sensor signals and SVM for anomaly 

detection and classification. They obtained a consistent 

accuracy of ~90% on detecting severe anomalies. 

Chen et al. (2014) proposed a crowdsourcing-based road 

surface monitoring system that detected road potholes and 

evaluate road roughness levels using their hardware 

modules mounted on distributed vehicles. These modules 

used low-end accelerometers and GPS devices to obtain 

vibration pattern, location, and vehicle velocity. Their 

results showed that the system can detect road potholes 

with up to 90% accuracy and evaluate road roughness 

levels correctly, even with some interferences from small 

bumps or potholes. 

Allouch et al. (2017) created an Android application that 

predicts the quality of the road based on a tri-axial 

accelerometer and a gyroscope, mapping such results on 

a geographical map using GPS. A decision-tree classifier 

was applied to the training data to classify roadway 

networks, with their experimental results showing 

consistent accuracy of ~98%.  
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Li and Goldberg (2018) presented a crowdsourcing 

system for road surface assessment utilizing smartphones. 

The built-in smartphones’ GPS receiver and 

accelerometer were used to capture spatial series of the 

geo-referenced Z-axis accelerations of the road surface. 

Field tests demonstrated that the roadway condition could 

be effectively identified, and the transient events could be 

detected and located by mining the crowdsourced data. 

Kyriakou et al (2017, 2018, 2019, 2021) proposed a low-

cost data-driven framework on the use of typical vehicles, 

typical smartphones, on-board diagnostic (OBD) devices 

and unsupervised and supervised machine learning for the 

detection, classification, and rating pavement surfaces. 

They utilized robust regression analysis, artificial neural 

networks (ANN), bagged tree classification model and k-

medoids clustering to analyze smartphone and gyroscope 

data. The proposed system was field-tested, with accuracy 

levels higher than 90%, and it is currently expanded to 

include a bigger number of pavement surface anomalies. 

A summary of the methods and related characteristics, as 

reported in the literature, is shown in Table 1. 

Table 1: Comparison of related smart city-based research in 

pavement roughness evaluation 

Researcher Roughness 

Assessment 

Anomaly 

Detection 

Classification 

Method 

Bhoraskar 

et al. (2012) 

Smooth 

Bumpy 

Bumps 

Accuracy 

~90%  

K-means 

clustering & 

SVM 

Seraj et al. 

(2014) 

Transversal, 

Mild, 

Severe, 

No Wavelet 

decompositio

n analysis, 

SVM 

Chen et al. 

(2014) 

Excellent, 

Good, 

Qualified, 

Unqualified 

Potholes 

Accuracy: 

~90% 

Gaussian 

Mixture 

Model 

(GMM) 

algorithm 

Allouch et 

al. (2017) 

Smooth       

Potholed 

Potholes    

Accuracy: 

98.6% 

C4.5 Decision 

Trees 

Li and 

Goldberg 

(2018) 

Good, 

Moderate, 

Bad 

Pothole 

Accuracy: 

~92% 

Threshold 

Kyriakou et 

al (2017, 

2018,2019, 

2021) 

No Cracks, 

Raveling, 

Rutting, 

Patching 

and 

Potholes 

Accuracy: 

~98% 

Robust 

Regression, 

ANN, Bagged 

Trees, K-

medoids 

Methodological setup 

System overview and data collection 

The paper focuses on the evaluation of pavement 

roughness and the development of a six-class roughness 

scale according to Sayers et al. (1986). Vehicle and 

smartphone data were collected from nine different 

roadway sections (highways, new pavements, older 

pavements, maintained unpaved roads, damaged 

pavements, rough unpaved roads) of ~10 Km total 

distance (~18320 total data points; ~20 data points per 

GPS location ~916 total GPS locations). The system 

utilizes data from a typical vehicle and smartphone, and 

server-based unsupervised machine learning algorithms 

to analyze the acquired data. The processed information 

on the pavement roughness levels of GPS locations data 

is then disseminated to pavement agencies. 

The data collection was performed on urban roads using a 

car (Nissan Qashqai (2011), a smartphone (Samsung 

Galaxy S8) fitted with the DashCommandTM application 

and an OBD II Bluetooth reader (ELM 327). Vehicle and 

smartphone (mounted on the car’s windshield) data were 

transmitted through the smartphone application to a data 

server for storing and processing via Bluetooth and a 

digital cellular connection. The collected dataset is 

collected at intervals of 0.1 seconds (sampling rate of 10 

Hz) and for visually verifying the roughness pavement 

condition, the smartphone had also its video camera and 

GPS active for recording the pavement network travelled. 

System design 

Mathematically, the proposed system is based on rigid-

body dynamics and the ability to express any three-

dimensional rotation as a combination of yaw, pitch, and 

roll rotations. GPS location, vehicle speed, frame time 

between the last two readings and vehicle pitch were 

recorded through the smartphone application and by 

utilizing equations (1) and (2) the height difference was 

calculated between two sensor readings (Figure 2). 

x =  v ∗ t                    (1) 

x = distance between the last two sensor readings 

(sampling rate 10 Hz) 

v = vehicle speed (Km/hr) 

t = time between the last two sensor readings (ms) 

 

h = tan(𝜃) ∗ 𝑥                    (2) 

h = height difference between the last two sensor readings 

θ = vehicle pitch (Â°) 

x = distance between the last two sensor readings 

 
Figure 2: Calculation of road profile 
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Feature Extraction 

Feature extraction is the process of dimensionality 

reduction, by which an initial set of raw data is reduced to 

more manageable groups for processing. The research 

presented herein examined several time-domain features 

as data aggregators: the maximum, the mean, the standard 

deviation, and the variance of the height difference 

between the last two sensor signal readings at each GPS 

location. For example, a maximum analysis was 

performed for each geographical point (thus, the 20 raw 

data per GPS location were converted into a single data – 

18320/20 = 916 data) in which analysis each GPS location 

is characterized by the maximum analysis of the observed 

raw signal data. 

Clustering 

Upon completion of the feature extraction process, the 

data was fed into unsupervised machine learning 

algorithms for clustering analysis. Clustering is one of the 

main analytical methods in data mining and it is of wide 

use and great importance. It is an unsupervised machine 

learning technique that divides the data into several 

groups such that data points in the same group are similar 

to each other, and data points in different groups are 

dissimilar. The widespread clustering methods can be 

classified into five categories: partitioning, hierarchical, 

density-based, grid-based, and model-based methods. 

Partitional clustering techniques are the most well-known 

and commonly used clustering methods. They create one-

level partitioning of the data points, and the most widely 

partitioning methods are the k-means and the k-medoids 

method and their variations (fuzzy clustering and GMM 

clustering).   

Firstly, K-means is the most popular partition-based 

clustering algorithm, and it uses a centroid, defined as the 

mean of a group of points, as its key parameter. It should 

be noted that a cluster’s centroid rarely corresponds to an 

actual data point.  Secondly, the K-medoids algorithm 

attempts to determine k partitions from n objects, with 

each cluster represented by one of the objects in the 

cluster. In contrast to the k-means clustering algorithm, 

instead of taking the mean value of the object in a cluster 

as a reference point, the method utilizes the medoid which 

is the most centrally located object in a cluster. Thirdly, 

Fuzzy clustering generalizes partition clustering methods 

(such as k-means and medoid) by allowing individual data 

to be partially classified into more than one cluster 

(Chattopadhyay et al., 2011). This technique was 

originally introduced by Jim Bezdek (1981) as an 

improvement on earlier clustering methods.  It is a soft 

clustering method, where each data point is allocated a 

probability score to belong to that cluster. Finally, GMM 

clustering is a probabilistic model for representing 

normally distributed subpopulations within an overall 

population. A GMM is parameterized by two types of 

values, the mixture component weights, and the 

component means and variances/covariances. 

Results and discussion 

At first, the smartphone-based data were fed into k-means, 

k-medoids, fuzzy and GMM clustering algorithms for 

unsupervised machine learning. Then, an evaluation of 

the goodness of fit for each clustering method was 

performed and the most suitable was selected. 

K-means clustering (case-study dataset) 

First, the k-means algorithm randomly selected k points 

as initial centroids and then all data points were assigned 

to the closest centroid. After that, it recomputed the 

centroid of each cluster based on the assignment of points 

to the clusters, and it repeated the previous steps until the 

computed centroids in two successive iterations did not 

change. The objective of the k-means clustering was to 

minimize the Euclidean sums of square deviations of 

objects from the cluster mean. 

Advantages of k-means: 

● Scaled to large data sets. 

● Guaranteed convergence. 

● Generalized to clusters of different shapes and sizes, 

such as elliptical clusters. 

Disadvantages of k-means: 

● Difficult to cluster data where clusters were of 

varying sizes and densities. 

● The algorithm was sensitive to outliers, since an 

object with an extremely large value may 

substantially distort the distribution of the data. 

● The method required several passes on the entire 

dataset, which can make the whole process 

computationally expensive and time-consuming. 

K-medoids clustering (case-study dataset) 

At first, the algorithm selected k initial candidate 

medoids. Then the distance of each non-selected point 

from the closest candidate medoid was calculated and this 

distance was summed overall points. The algorithm’s cost 

represented the cost of the current selection, and all 

possible swaps of a non-selected point for a selected one 

were considered. The cost of each selection was 

calculated and the configuration with the lowest cost was 

selected. 

Advantages: 

● The algorithm was more robust than the k-means 

because it minimized a sum of dissimilarities instead 

of the sum of squared Euclidean distances. 

● K-medoids clustering was faster than k-means 

clustering because the k-medoids algorithm required 

the computation of the distance between every pair of 

objects only once and used this distance at every 

stage of iteration.  

● The method was less sensitive to outliers than other 

partitioning algorithms. 
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Disadvantages: 

● It was not suitable for clustering non-spherical groups 

of objects because it used compactness as clustering 

criteria instead of connectivity (minimization of the 

distances between non-medoid objects and the 

medoid). 

Fuzzy clustering (case-study dataset) 

First, the algorithm calculated the cluster centers and 

assigned the data points to these centers using a form of 

Euclidean distance such that the process was continuously 

repeated until the cluster centers stabilized Then, the 

algorithm assigned a value to the data points for the 

clusters within a range of 0 to 1, and a parameter in the 

range [1,n] which determined the degree of fuzziness in 

the clusters (Raju et al., 2008).  

Advantages: 

● It didn't force every object into a specific cluster. 

● Gave the best results for the overlapped data set and 

was comparatively better than the k-means algorithm. 

Disadvantages: 

● There was much more information to be interpreted. 

● The membership of a data point in a cluster depended 

directly on the membership values of other cluster 

centers, and this sometimes produced undesirable 

results. 

● Euclidean distance measures could unequally weigh 

underlying factors. 

GMM clustering (case-study dataset) 

At first, GMM assumed there was a certain number of 

Gaussian distributions, and that each of these distributions 

represented a cluster. Hence the GMM tended to group 

the data points belonging to a single distribution together. 

Thus, for a given set of data points, GMM identified the 

probability of each data point belonging to each of these 

distributions. 

Advantages: 

● The model did not require which subpopulation the 

data belongs to. 

● It allowed the model to learn the subpopulations 

automatically. 

● GMM were more robust than K-Means. 

Disadvantages: 

● GMM tended to be slower than K-Means because it 

takes more iterations to reach convergence. 

Silhouette Score 

With regard to appraising how well the obtained 

configurations fit the original data, Kaufman and 

Rousseeuw (1990) defined a set of values called 

silhouettes that provide key information about the 

goodness of fit. One summary statistic is the average 

value of the silhouette value across all objects, while the 

maximum average silhouette across all values of clusters 

is the Silhouette Score. A Silhouette Score above 0.51 

denotes that a reasonable or a strong structure has been 

found. In the case-study dataset, the system's best results 

were obtained when clustering with the k-medoids 

algorithm (Table 2). As ground truth for verifying the 

method’s detection accuracy, the smartphone’s recorder 

video was used.  

Table 2: Silhouette Score 

Machine Learning Silhouette Score 

K-means clustering  0.60 

K-medoids 0.66 

Fuzzy clustering 0.59 

GMM clustering 0.55 

The outcome of the k-medoids machine learning 

algorithm and the resulting pavement roughness condition 

scores were classified (Table 3) as per the Pavement 

Roughness Scale (Sayers et al., 1986) and then spatially 

mapped. 

Table 3: K-medoids Pavement Roughness Scale (Sayers et al., 

1986)  

Roughness 

Rating 

Road Class Data 

1 Highways 508 

2 New 

pavements 

210 

3 Older 

pavements 

104 

4 Maintained 

unpaved roads 

41 

5 Damaged 

pavements 

37 

6 Rough 

unpaved roads 

16 

Limitations 

As perceived limitations of the method are: 

1. A less objective system roughness evaluation rather 

than the standardized evaluation system used (IRI 

rating system). 

2. The range of roughness distresses detected (only 

those causing vibration of the vehicle). 

3. The missing roughness distresses not on the 

vehicle’s wheel path (to be solved using 

participatory sensing). 

4. Due to the limited accuracy of the built-in 

smartphone GPS receiver, a high accuracy 

positioning result cannot be guaranteed. However, 

Li and Goldberg (2018) noted that Broadcom 

Limited (a global semiconductor leader) designed a 

more accurate GPS chip (BCM47755), which 

enables 30-centimetre positioning accuracy and 50% 
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fewer battery drains for the current generation of 

smartphones (released in 2018). 

Conclusions 

The research contribution is the development of a system 

that automatically assesses the quality of the pavements 

based on an accelerometer, a gyroscope, a GPS and a 

clustering method, maps the existence of roadway 

anomalies and saved all sensed data for reinforcement 

learning through participatory sensing of multiple probe 

vehicles. The suggested system has the advantages of 

being low-cost and highly scalable, as the numbers of 

smartphone users increase day by day. Further, the 

smartphone-based approach is worthwhile because it 

removes the need to deploy special sensors and 

specialized vehicles. Furthermore, the system does not 

require any expertise in pavement condition assessment. 

Moreover, the proposed roughness evaluation system is 

currently field-tested with multiple probe vehicles, 

smartphones, and more kilometers of roadway network 

for increasing the accuracy of the system and finetuning 

the data aggregation and unsupervised machine learning 

clustering. In conclusion, the developed smart-city-based 

pavement evaluation system allows speedier and 

continuous evaluations of the roadway networks.  
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Abstract
Forty two percent of bridges in the USA are at least 50
years old, and 46,000 bridges are in poor condition. A pre-
dictive maintenance program can help extend the bridges’
life, thereby minimizing the need to replace the majority
of bridges within a short time. The technological needs of
inspectors in the state of Florida were analyzed after re-
viewing federal highway standards for designing an auto-
mated inspection system. This work presents the synthesis
of technical knowledge required to conduct bridge inspec-
tions and user requirements which will serve as guidelines
for the development of a prototype system targeted to ex-
pedite the inspection process by data collection, 3D model
generation, and report processing.

Introduction
There are more than 617,000 bridges across the United
States, out of which 42% of bridges are at least 50 years
old and 7.5% of the existing bridges, i.e., 46,154, are con-
sidered structurally deficient (?). As the average age of
the nation’s bridges grows to 45 years in 2022, the backlog
of bridge repair needs is estimated to reach $125 billion.
In 2021, the Congress announced an investment plan that
includes $26.5 billion for bridge repair, replacement, and
rehabilitation (?). A systematic bridge maintenance pro-
gram that prioritizes existing damage and emphasizes on
preventive maintenance is suggested.

Inspection of bridges is the first step for monitor-
ing and maintaining these complex structures. It entails
frequent safety evaluations and documentation of existing
conditions, considering maintenance measures required to
address faults such as cracks, corrosion, and spalling. To
locate and evaluate existing bridge deficiencies, the Na-
tional Bridge Inspection Standards (NBIS) (?) was estab-
lished by the US Department of Transportation after the
collapse of the Silver Bridge in West Virginia in 1968 to
ensure the safety of the moving traffic.

Federal, State, and local transportation authorities
convey great importance to heavily invested bridge inspec-
tion activities. Federal Highway Administration (FHWA)
guidelines mandate that public road bridges with a dis-
tance over 20 feet to be inspected every two years. This in-
volves a thorough inspection of all accessible bridge parts,
as well as the implementation of appropriate access and
traffic management measures. The National Bridge Inven-
tory (NBI) 0 to 9 rating scale is an FHWA requirement
for evaluating bridge conditions, where 0 denotes a failed
condition, and 9 denotes an excellent condition. The com-
ponents (namely deck, superstructure, or substructure) are
assigned an NBI rating by the bridge inspectors, and the

overall rating for a bridge is the lowest rating assigned to
any component observed through visual bridge inspection
(?). Additional recording items and their descriptions can
be found in the coding guide (?).

This work presents the user requirements of bridge in-
spectors for an automated bridge inspection system, which
will accelerate the inspection process so that the system
is tailored to the needs of inspectors. After reviewing the
current inspection practices and state-of-the-art (SOTA)
research for all the steps of the bridge inspection process,
we conducted surveys and interviews with bridge inspec-
tors in the state of Florida and then synthesized the results
to derive the software and hardware requirements of an
automated inspection system based on their needs. The
development of such an automated system is out of scope
of this paper and is part of future work.

State of practice review
After reviewing FHWA guidelines, this paper divides the
bridge inspection process into the following steps:

1. Bridges are visually inspected, and significant defects
are measured and tested.

2. Findings are documented by bridge inspectors in an
inspection report.

3. Inspectors, based on their training and experience,
assign elements a condition rating.

4. And finally, that report is updated in a bridge man-
agement system for engineers to review and give out
work orders for maintenance.

A detailed literature review of the current bridge inspection
practices is presented in the following sections.

Visual Inspection
The bridge inspection process begins with reviewing the
previous inspection reports, planning the inspection, and
identifying areas of old defects. When conducting the
visual inspection, inspectors find out whether the identi-
fied defects earlier have been fixed or whether their size
and severity have increased, along with coordinating traf-
fic control and access equipment. There are multiple in-
spection types: NBI, Element, Fracture critical, Under-
water, and Other special types, which are performed for
AASHTO elements or National Bridge Elements (NBE).
These commonly recognized components are the deck, su-
perstructure, substructure, culvert, bridge rail, joint, bear-
ing, Wearing Surfaces and Protective Coatings. The in-
spection cost can include crew, flagger, and helper hours,
along with equipment costs like a snooper truck, water-
craft, and other special equipment. Special inspection
teams are required for movable bridges.

The bridge inspection and reporting guide suggests
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that whenever practical, inspection should proceed from
substructure to superstructure then to the deck. The cause
of superstructure and deck deficiencies might be more ev-
ident if the substructure was inspected initially. Based on
the type of bridge under inspection, the actual order of its
inspection will differ.

Defect assessment can be categorized based on its rel-
evance of directly affecting safety, severity, and urgency to
address the defect. Routine issues include asphalt raveling,
hairline concrete cracking, damage to curbing faces. Non-
Routine issues can be a significant deflection of girders,
Medium to wide flexural or shear cracks, loss of mate-
rial under spread footing. Defects such as scaling and
concrete spalling are low relevancy defects. On the other
hand, loose concrete on overhang, unevenly loaded bear-
ing, or sagging of members can be medium relevancy
defects. Defects that directly affect safety today or im-
mediate future like impact damaged girders, medium and
wide flexural or shear cracks (cracks exposing the steel to
corrosion), missing sidewalk joint cover plates, the disin-
tegration of abutment near girder bearing are examples of
high relevancy defects.

The next paragraph reviews the inspection practices
for NBE elements. Deck and parapet are sounded for
delamination. Delamination occurs when corroding rein-
forced steel in concrete expands causing subsurface frac-
ture. Wearing surface is also inspected to identify pot-
holes, cracking, and excessive wear. Deck joints should be
properly functioning to allow expansion and contraction at
temperature changes. They are looked at for evidence of
seepage and loose armor angles. Debris is also a typical is-
sue with joints. The superstructure is inspected with close
attention to areas of high stress and those prone to deteri-
oration. Concrete is inspected for cracking, spalling and
hollow areas. In timber bridges, inspectors try to identify
wood rot, crushing, splitting, and cracking in timber. Steel
members are inspected for paint peeling, corrosion, and
cracking. FHWA recommends Ultrasonic Testing (UT)
for thickness measurements of single plate gusseted con-
nections to check for corrosion. The Function of bearings
is to allow the movements of the bridge due to temperature
changes; they should not be excessively deformed. Typ-
ically, items such as bearing areas, fatigue-prone details,
areas where debris accumulates, and other areas known
to be prone to deterioration should be inspected at arm’s
length. As the condition of the structure deteriorates, the
effort required for the inspection will increase.

Bridges with underwater piers need a special inspec-
tion. When the depth of the water is less than three feet, an
underwater inspection will not be required. In other cases,
underwater inspection at arm’s length includes looking
for evidence of scour or settlement, deterioration of foun-
dations’ bearing capacity, and the exposure of normally
buried portions of the structure. Another important con-
sideration for underwater piers is a settlement. Structures
can undergo settlement over time; however, uneven settle-
ment can cause damage to the structure. Scour is when

water currents erode the soil around the hidden foundation
members and expose them, leaving scour holes behind.
Problems arising from visibility, wildlife, and polluted
waters can also affect underwater inspection.

In the US, the inspection frequency depends on the
NBI ratings. For example, if a component of a bridge
namely deck, superstructure or substructure has a condi-
tion rating of 5 or more, it is inspected every 24 months;
if the rating is 4, then the frequency is 12 months and six
months for rating 3 or less.

Inspection Report Generation
The findings from the visual inspection step are docu-
mented in the Bridge Management System (BMS) in the
following format. Inventory data such as location, bridge
name, roadway, facility crossed, geometric, and other in-
ventory data are mentioned in the report, followed by
verbal descriptions of the inspectors’ findings, including
the size and severity of identified defects. Pictures and
sketches of bridge sections are also included to justify
the verbal descriptions. Inspector recommendations and
evaluation of work performed on the bridge since the last
inspection are noted. Inspectors assign numerical ratings
to various bridge components. There are four defined con-
dition states for each element. The intensity of various
distress paths or deficiencies is defined for each condition
state in the AASHTO Manual, with the following gen-
eral intent: Condition State 1 Good, Condition State 2
Fair, Condition State 3 Poor, Condition State 4 Severe.
Quantities reported to the FHWA in Condition State 4 for
primary load bearing elements indicate that a structural
review has been completed, as described in the AASHTO
Manual, and defects that are discovered have an impact on
the strength or serviceability of the element. Sufficiency
Rating and Health Index are automatically calculated in
the BMS based on condition ratings.

Performance Measures
Ratio-based methods assign a bridge condition index (BCI)
or number (BCN) based on the ratio of the current con-
dition to the condition of the structure when it was built.
The objective of this method is to calculate the remain-
ing life of the bridge. The California Bridge Health Index
(BHI) and the health index method used by AASHTO-
WARE Bridge Management software (?), BrM (formerly
Pontis), are software examples of the ratio-based method.
The index assesses the current condition of a bridge by ag-
gregating the current condition value of all the elements of
the bridge and comparing it to the total value of the bridge
elements when they were in their best possible state. The
value of each element is proportional to the number of
elements in the present condition and the economic conse-
quence of the element’s failure. The element’s failure cost
(FC) can be seen as a weight emphasizing the importance
of the element to the overall health of the bridge. The
weighted average approach is suitable for planning bridge
maintenance and rehabilitation activities. The approach
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estimates the condition of the whole structure by com-
bining condition ratings of all individual bridge elements
weighted by their significance or contribution to the struc-
tural integrity of the bridge. A summary of BHI methods
is included in Table 1.

Table 1: Summary of BHI and their calculation approaches

Index name Calculation Ap-
proach

California BHI Ratio based

United Kingdom’s
BCI

Weighted average

Austria’s Qualitative
Bridge Rating

Qualitative method

Finnish Bridge
Condition Rating

Weighted average

Germany’s BCI Worst Conditioned
Component

Bridge Sufficiency
Rating

Formulaic combina-
tion of many param-
eters

Risk-Based
Assessment
Framework

Formulaic combina-
tion of risk scores

The worst-conditioned component approach is com-
mon in systems that carry out inspections on key bridge
components. In this approach, the BCI is approximated
to the rating of the component in the worst condition.
Some States also use the worst (lowest) National Bridge
Inventory (NBI) rating to report bridge conditions at per-
formance dashboards.

Qualitative methods do not report the condition of
the bridge on a numerical scale. They describe a structure
as either "Poor," "Fair," or "Good," based on the condi-
tion state and importance of the elements under investi-
gation. Washington, Florida, and other States use NBI
condition ratings to classify bridges as "Good," "Fair," or
"Poor." A risk-based prioritization method is currently be-
ing tested by the New Jersey Department of Transportation
(NJDOT). This approach combines different performance
limit states to calculate the perceived relative risk for each
bridge.

Bridge Management System
Classification of the bridge inventory is performed based
on characteristics, conditions, and comparison of relative
construction costs of bridges by structure type. The charac-
teristics of the classification include the number of bridges,
their age, structure types, and deck areas, as well as condi-
tions such as the overall structural condition, structurally
deficient bridges, posted and closed bridges, and function-
ally obsolete bridges.

Structurally deficient bridges (SD) are bridges that
have been confined to light vehicles, closed to traffic,
or need rehabilitation and are therefore considered struc-
turally deficient. When a bridge is “structurally deficient”,
it does not mean it will collapse, or it is unsafe. It implies
that the bridge should be carefully monitored, examined,
and maintained. The condition rating of at least one com-
ponent of an SD bridge is four or less.

Functionally obsolete bridges (FO) are bridges that
were built to standards that are no longer in use. Bridges
that are FO are those with insufficient lane widths, shoul-
der widths, or vertical clearances to meet contemporary
traffic demand or those that are occasionally flooded. The
term ”Functionally Obsolete” is no longer used by FHWA.
Fracture-critical bridges (FC) are fracture-critical bridges
that lack redundant supporting parts. The bridges would
be in jeopardy of collapse if those vital supports failed.
Currently, FHWA does not allow the use of innovative
inspection techniques such as small Unmanned Aerial Ve-
hicles (sUAVs) for fracture critical inspections.

Automated Visual Inspection
Data collection Methods
In the last decade, the use of UAS for structural inspections
has increased, but significant technological developments
have not been evident, which makes this field a relevant
subject for research as well as analyzing potential tech-
nology applications. A UAS is considered a system that
integrates three subsystems: i) the unmanned aircraft, ii)
the ground control station, and iii) the communications
link between the aircraft and the ground station.

Among the data collection techniques for bridge in-
spection using UAVs, a significant challenge is manual
remote control. To address issues like ceiling effect, drift-
ing in a GPS denied environment, a vision-based con-
trol system for the hybrid flying and climbing robot for
bridge inspection was developed by Reven et al. (2019)
in which the UAV clamps under a girder to transverse
along using visual-inertial odometry (VIO) in GPS denied
areas. Usability issues may arise in segmental bridges.
Rodriguez et al. (2021) reviewed equipment required to
acquire data and images mounted on UAS and techniques
used to create models from images, such as 3D recon-
struction, infrared thermography, Structure From Motion
(SFM), Convolutional Neural Network (CNN), and others
in order to detect failures. The paper also mentioned the
software required to apply the techniques. For structural
inspection, a drone can be equipped with payloads like
high-resolution digital cameras, thermographic cameras,
Light Detection and Ranging or Laser Imaging (LIDAR)
devices for terrain characterization, radiation detectors,
and humidity and temperature sensors. Cost and accuracy
of UAS mountable LIDAR’s is currently the pain point.
Inspectors can use these aspects to gather the information
that will help them find and assess various types of faults
and discontinuities in the structural components and mate-
rials. High-quality images that cannot be acquired at wind
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speeds of higher than 15mph can be one of the limitations
of this method.

The current UAS implementation has challenges,
such as the need for a trained operator and/or the need for a
UAS to function in a crowded, GPS-denied environment.
A solution to these challenges was presented by Whitley
et al. (2020) using commercial off-the-shelf (COTS) gear
such as laser rangefinders, optical flow sensors, and live
video telemetry. The system includes a drone with ob-
stacle avoidance capabilities and a ground station manned
by a pilot and bridge inspector. During inspections, the
suggested custom-fabricated UAS was able to travel un-
der GPS-denied and obstacle-laden bridge decks. The use
of the proposed UAS offers an innovative strategy that
could eventually allow inexperienced pilots to effectively
navigate bridge and other structure inspections, improving
safety and lowering costs.

Photogrammetry from unmanned aerial vehicles
(UAVs) and Terrestrial Laser Scanning (TLS) are two of
the most common advanced technologies for creating qual-
itative digital models in the case of bridge monitoring. Mo-
hammadi et al. (2021) examined point clouds generated
using several approaches in terms of point distribution,
outlier noise, data completeness, surface deviation, and
geometric precision. TLS-based point clouds were proven
to have a higher level of point density and better agreement
with as-is measurements when it came to exact 3D model
reconstruction for detailed quality inspections of bridges.
However, concerns remain, including the implementation
time, the high equipment cost, and the limited/restricted
access of TLS, which can all be compensated by using
UAV-based photogrammetry techniques.

Damage assessment
A great proportion of the research publications cover-
ing automated inspections focus on damage detection and
a lesser portion on assessment. Solutions for detection
normally address only a single class of damage (usually
cracks) or at most two. For instance, Son et al. (2014)
proposed a method for detecting rust stains, which are dis-
tinguished by their specific color, with a success rate of
97.5%. Determining other damage types is not feasible on
the basis of images alone, even when attempted by an expe-
rienced inspector; additional information such as location
on the structure, orientation with respect to elements, or
type of elements is needed. Some structural defects, such
as cracks, might also extend across several sides. For cor-
rect classification, a complete defect has to be assessed,
even if it spreads over on more than one side. Such detail
cannot be easily captured by automated systems unless the
assessment is performed with the help of an accurate 3D
model.

Bridge condition rating
By representing high-dimensional data in dataset abstrac-
tions, Liu & Zhang (2020) predicted the NBI bridge con-
dition ratings, applying a Natural Language Processing

algorithm to predict future conditions of bridge parts from
historical inspection data that can surpass conventional
mathematical models. The research achieved 85% pre-
diction accuracy for data-driven condition forecasting by
using NBI ratings from 1992-2017. When studying some
of the inspection reports, it was identified that there could
be instances where notes related to damage during repair
or renovation work on the existing structure can mislead
the algorithm. The damages done during renovation work
do not necessarily mean that the defect is structural.

The Artificial Neural Network (ANN) - based meth-
ods are considered as the most common AI method. For
example, Li & Burgueño (2010) compared multiple ANN
techniques for predicting bridge abutment condition rat-
ings in Michigan, and their models had an averaged pre-
diction accuracy of about 73% in recognizing the true con-
dition rating of damaged bridge abutments (with condition
rating </= 4). Huang (2010) used an ANN model to assess
historical concrete deck maintenance and inspection data
in Wisconsin, with a claimed accuracy of 75% in deter-
mining the true condition rating. YAMANE et al. (2021)
focused on the use of object detection-based deep learning
to extract data from past inspection records. This tech-
nique was used to automatically extract the bridge element
numbering from structural drawings whose extraction was
challenging using the approach of general optical charac-
ter recognition (OCR). The research goal was to automati-
cally generate a database from past inspection records. Li
et al. (2021) proposed a method that has the capacity of
detecting the change in the condition of the bridge com-
pared to the last inspection record, which can also assist
on the bridge condition forecasting and automated bridge
inspection. Their study formalizes structural conditions as
the central topic of inspection and maintenance. For the
context-aware condition mapping, the use of dependency-
based word embeddings, bidirectional Long Short-term
method, and the use of Conditional Random Field model
was employed. Word Embedding was performed by the
skip-gram model, which trains a simple three-layered net-
work that predicts the semantic (contextual) meaning of
the word. A Recurrent Neural Network (RNN) was used
for the Bi-directional LSTM. LSTM is used to organize
the information through gate and cell operations, which
prevents the forgetting of important long-term knowledge.
The RNN processes the input sequence one by one and
computes the output (Ot ) of the current input (It ) based on
the hidden state of the previous input (Ot−1). Conditional
Random Field was used as the last layer of the network to
jointly model the label sequence such that the prediction
of each label depends on its contextual labels instead of
decoding each label independently. The output from the
bi-directional LSTM network was first mapped to the la-
bels space using a feed-forward neural network layer. The
CRF layer maintained a transition score matrix as param-
eters that recorded the likeliness of transitioning from one
label to another for two consecutive inputs.

Combining the CRF transition score with the
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Figure 1: Research Methodology

predictions from the bi-directional LSTM network, the fi-
nal score of the label was computed using an equation.
The model Performance was 94.12%. The limitations of
their study are: the extracted segments can be automati-
cally matched where there is only one segment for each
category in the sentence but can become confusing when
multiple segments are from the same category.

Previous research has primarily focused on bridge
damage recognition and inspection systems without first
assessing the current inspectors practices. To introduce
automation in the process, we first want to understand the
needs of our working bridge inspectors and consider how
they feel about the use of different techniques.

Research Methodology
Based on the presented systematic literature review, the fol-
lowing knowledge gaps were identified: (1) theoretical or
commercialized systems that effectively overcome the lim-
itations of traditional visual bridge inspection do not exist,
and (2) the existing systems automate parts of the complex
bridge inspection process without necessarily addressing
the inspectors’ needs. This work targets on addressing
these knowledge gaps by achieving the core objective: to
elicit the user requirements for an automated bridge inspec-
tion system that will, later on, be used on a novel approach
to integrate system components. To achieve this goal, the
following research questions need to be answered:

1. In practice, what are inspectors workflows when per-
forming a visual bridge inspection in the state of
Florida?

2. How do the inspector workflows translate to hardware
and software requirements?

3. How can computer vision and Artificial Intelligence
(AI) facilitate the most critical inspection processes?

The theoretical framework of this study is what makes it
unique, from which a user-centered system is specified
through collaboration between future users (inspectors)
and the analyst (the authors) that explored user workflows
(user needs) and technological possibilities. Instead of
specifying the key components upfront, those are derived
after gaining a clear understanding of both ends of the
spectrum.

The research methodology was developed to both op-
erate within this framework and address the research objec-
tives (Figure 1). This plan is centered around establishing
a human-centered design process for an automated bridge
inspection system. To understand the current practices and
future technological needs of inspectors in the visual field
inspection, the collection of user requirements was divided
into two phases. In the first phase, an anonymous survey
within the seven districts of the Florida Department of
Transportation (FDOT) was conducted, and for the second
phase, a series of interviews with bridge inspectors and
maintenance engineers in FDOT were conduced. When
this work was submitted, the second phase was yet to be
commenced.

The first phase of data gathering had 14 respondents
with roles ranging from inspection program managers,
bridge inspectors, report reviewers, and underwater bridge
inspectors. Eighty percent of respondents had ten plus
years of experience in field inspections.

Before leaving for the field inspection, inspectors re-
view previous inspection reports, structure plans, mainte-
nance and repair records, inventory reports, and the bridge
record file.

This is when the inspector will determine if any spe-
cial equipment or maintenance of traffic is needed for the
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Figure 2: Time split of inspection activities for all respondents

specific bridge. Table 2 shows the importance of the infor-
mation sources during this process based on the inspectors’
responses.

All respondents reported that during the inspection,
documents are referred through a set of printed documents
or their personal handheld devices. FDOT is yet to pro-
vide inspectors with dedicated digital devices. The same
channels are used to take notes based on inspection ob-
servations. The observations in the previous inspection
reports are checked if they have been rectified, and new
observations are noted down on the previous report for
ease during field inspections.

During the inspection process, we identified differ-
ent activities that inspectors perform while reporting the
bridge condition, and the distribution of time spent on
each activity is shown in Figure 2. The report is created
in BMS to input data gathered and recommendations for
repair. FHWA requires that the date the inspection is per-
formed should be entered into BMS within 30 days after
the inspection and the inspection report should be com-
pleted within 60 days. For all respondents, the highest
time is spent on field inspection (30.45%) followed by re-
porting (25.4%). This clarifies the need for automation in
both activities.

Inspectors reported that they perform multiple inspec-
tions in a day, which also includes High Mast Light Poles
(HMLPs), TSMAs, overhead signs. Table 3 shows the
maximum number of inspections performed simultane-
ously.

We also asked the inspectors when they convert the
observations gathered during visual field inspections into
assessment to determine the condition rating of elements.
The duration varies from two weeks after inspection to
seven weeks, depending on the number of inspections
performed in the tour. Inspectors revealed that multiple
inspections and time elapsed between inspection and re-

porting sometimes causes mental confusion between ob-
servations, difficulty in remembering relevance of defect,
sometimes just omission of observation due to depleted
severity compared to other prominent defects. This gives
researchers a scope that an automated system should be de-
veloped which can keep track of observations in real-time,
by virtue of having an inspection report in edit mode in the
field with access to Bridge Management System (BrM),
which can help to save time by eliminating paper redun-
dancy. 70% of inspectors reported that some degree of au-
tomation needs to be introduced in the reporting process.
All-purpose, weatherproof tablets with glare screens and
a support strap system for practical field use are needed.
That software should be compatible with BMS, which is
capable of compiling comments, photos, and sketches.

The survey also revealed that inspectors would like to
have modern tools such as drones to narrow down the areas
of defects so that the entire bridge should not be inspected
physically and access requirements, as well as traffic clo-
sure requirements, can be limited to only areas with defects
identified by drone inspection. Also, when asked which
part of the visual field inspection process needs automa-
tion, inspectors reported channel measurements, clearance
measurements, average daily traffic count, measurement
of deficiencies, bridge and roadway geometry. Table 4
presents the prioritized list of defects in response to the
question asked to inspectors on using an automated sys-
tem to supplement their needs.

Inspectors preferred touchpad and voice input meth-
ods over gaze (eye-tracking), gestures, remote controller
for the automated system. 80% of inspectors are inclined
towards the use of drones for the inspection process; how-
ever, skepticism comes from the need to pilot the UAV.
The predefined flight path, obstacle avoidance, and au-
tonomously flying drone can eliminate the need for exten-
sive training for the equipment. However, to autonomously
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Table 2: Importance of information sources

Field Mean Std
Devi-
ation

Varia-
tion

Pho-
to-

graphic
records

4.86 0.29 0.09

In-
spec-
tion

records

4.64 0.69 0.48

Struc-
ture
plans

4.00 1.09 1.18

Main-
te-

nance
&

repair
records

3.86 0.77 0.59

Guide-
lines
to

define
sever-

ity

4.36 0.83 0.69

Inven-
tory
re-

ports

3.75 1.15 1.31

detect and quantify defects, as discussed in the literature,
and in order to maintain the relevancy of the defect, data
gathering using UAV should be able to create a scanned
3D model of the bridge so that the root of the defect can
be identified. 78% of inspectors reported that they dont
have access to 3D models of the bridge, which is another
exploration channel for researchers to improve usability
of photogrammetry which includes taking measurements
from images.

Along with data collection, data assessment, and con-
dition rating generation, Table 5 shows the list of functional
features and their usability as the outcome of the question-
naire.

Conclusions
With the findings from this study, a complete automated
system combining data collection, data assessment, and
condition rating prediction can be developed based on the
needs of working bridge inspectors with the help of the
proposed guidelines. This study can be extended to other
states and countries given local inspection requirements
are met. The vision of the project is to overcome the
substantial limitations of manual visual inspection by de-
signing an automated system improving value for money
in the maintenance of the aging bridge stock. This next

Table 3: Maximum number of inspections performed on the
same day or tour

Inspection
component

Maximum number of
inspections

Single Span Bridge 10

Multi Span Bridge 3

HMLP 20

TSMA 10

Overhead sign 12

Culverts 8

Table 4: Prioritized list of defect identification

Dam-
age
type

Mean Std
Devi-
ation

Varia-
tion

Cracks 3.71 1.80 3.24

Spalling 3.32 1.69 2.84

Cor-
rosion

3.71 1.66 2.74

De-
lami-
nation

3.29 1.66 2.74

Paint
defect

2.54 1.55 2.41

Dis-
col-

oration

2.04 1.48 2.19

Sec-
tion
Loss

3.00 1.64 2.68

generation bridge inspection system in contrast to previous
research that focused on automating parts of the process
can provide DOTs with a tool based on Artificial intelli-
gence, equipping inspectors with an automated software
and hardware system, which accelerates data collection,
3D model generation, and report processing. Capabilities
like multi-user collaboration at the time of need will help
to arrive at the decision-making phase at a much faster rate
and give out work orders for repair. A predictive main-
tenance program can be used to extend the useful life of
the bridges, thereby minimizing the need to replace a large
number of bridges within a short time.
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Table 5: Usefulness of automated inspection features

Feature Not at all
useful

Slightly
useful

Useful

Mul-
tiuser

collabo-
ration

7.14% 28.57% 64.29%

Review-
ing

docu-
ments

0.00% 21.43% 78.57%

Defect
detection

7.14% 35.71% 57.14%

3D
Model

14.29% 28.57% 57.14%

Image
collec-

tion

0.00% 28.57% 71.43%

Field
Measure-

ments

0.00% 0.00% 100.00%

Member
identifi-
cation

7.14% 42.86% 50.00%

Station-
ing

7.14% 35.71% 57.14%
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Abstract
An information-rich digital model for pipe systems is valu-
able for facility management and maintenance. Pipe sys-
tems in existing facilities can be captured for example
using laser scanning equipment or cameras, providing
point clouds or images. While these two data sources
can provide diverse information, it is not straightforward
to register one with the other. In this paper, we propose a
novel approach to automatically create and enrich geomet-
ric models for pipe systems by co-registering laser-scanned
point clouds and photos. Data from two separate sources
are collected to test our method. Subsequently, a pho-
togrammetric point cloud is reconstructed to establish a
mapping between all 2D images and the laser-scanned 3D
point cloud. State-of-the-art computer vision methods are
applied to enrich the raw 2D and 3D datasets. Finally, we
use the mapping to merge the processed datasets into one
combined, information-rich model.

Introduction
The research presented in this paper is about creating and
enriching 3D models for pipe systems using laser-scanned
point clouds and photos. By creating, we refer to the pro-
cess of creating the geometric digital representations of
pipes from captured data, including laser-scanned point
cloud and photos. By enriching, we refer to adding use-
ful information such as the fluid type and flow direction
for pipes to the geometric model to get an information-
rich 3D model. Information-rich digital representations of
physical assets receive growing attention in Architecture,
Engineering, Construction (AEC), and Facilities Manage-
ment (FM) sectors as they can provide substantial value to
all stakeholders.
Holistic digital methods such as Building Information
Modeling (BIM) promise considerable improvements for
efficiency and transparency, helping profitability and sus-
tainability goals (Borrmann et al. 2018). This is especially
true for the operating phase, where recently the term of the
Digital Twin has been adopted (Brilakis et al. 2019), based
on the concept previously applied in the manufacturing in-
dustry (Kritzinger et al. 2018). Initially slow adaptation of
digital methods in the sectors of AEC and FM is picking
up speed in the industry (Talebi 2014, Pärn et al. 2017).
As most building stock is already existing, the creation of
useful digital models of existing structures is essential for
the successful implementation of digital methods (Volk
et al. 2014).
Depending on the use case, the geometric representation
is an important but non-essential part of a digital model;

however, in the built environment, it poses a significant
contribution as planning and FM activities are heavily
dependent on geometric information (Wetzel & Thabet
2015, Pärn et al. 2017). To initiate a suitable basis for
the implementation of digital methods for existing struc-
tures, capturing the current as-is status of the building and
transferring it into a suitable digital representation is a key
requirement.
Driven by leaps in the development of hardware and soft-
ware solutions, research has seen a variety of new attempts
to automate this process and inspired industry-ready soft-
ware applications (Son et al. 2015). In academia, the field
of Scan-to-BIM has become an extensive field of research
(Son et al. 2015, Adán et al. 2018), recently also coined as
Digital Twinning (Lu & Brilakis 2019).
Most of these research efforts focus on the clear definition
and technical improvement of single processing steps, with
mostly one method or data source at its core. In this paper,
we showcase a pipeline that covers the majority of steps
necessary for an end-to-end solution, from raw industry-
standard input data of two different types to a useful seman-
tically rich 3D representation. As the core component, we
present a method to co-register separately recorded laser-
scanned point clouds and photos. This allows us to merge
complementary information that we detect in the datasets
independently using state-of-the-art computer vision al-
gorithms to leverage the full combined potential of the
captured data.

Background
In order to create a sensible digital representation of exist-
ing structures in the built environment, current conditions
need to be captured first; subsequently, models need to be
reconstructed. Esfahani et al. (2019) present work to sup-
port the decision-making process with regard to the choice
of capturing equipment and further processing options. On
the basis of raw capture data, the manual reconstruction
of useful digital models is possible but time-consuming
and error-prone (Fumarola & Poelman 2011, Hullo et al.
2015).
The processing steps towards a useful model can be di-
vided into two categories: 1) Point cloud processing and
enrichment and 2) model reconstruction. In the first step,
it makes sense to distinguish individual objects in the
point cloud or distinguish between object classes. For
domain-specific applications, this has been achieved using
manually selected, geometric features in the point cloud.
Yokoyama et al. (2013) use principle component analysis
(PCA) for detecting pole-like objects, Lu & Brilakis (2019)
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detect bridge cross sections after intelligent slicing, the
authors of S3DIS (Armeni et al. 2016) use a ‘peak-gap-
peak’pattern for separation of rooms, Czerniawski et al.
(2016) detect pipe spools point clouds based on local cur-
vature. Data-driven methods such as the artificial neural
network architectures PointNet (Qi et al. 2017) and KP-
Conv (Thomas et al. 2019) are more domain-independent,
given the availability of suitable training data. The lat-
ter has shown convincing results for indoor environments
(S3DIS (Armeni et al. 2016)), urban scenes (Paris-Lille-
3D (Roynard et al. 2018)) and railway tunnels (Soilán et al.
2020).
Specifically for the AEC domain, with Scan2BIM-Net,
Perez-perez et al. (2021) introduce an approach that is
based on a combination of network architectures for se-
mantic segmentation leading to robust results for the pre-
sented indoor dataset. Agapaki & Brilakis (2020) show-
case a solution for the use case of industrial scenes that
puts emphasis on minimized manual effort for training
data annotation.
To bring the single steps together to a full toolchain that
is suitable to solve the problem of Scan-to-BIM, recent
works aim at combining previously established methods.
For Scan-to-BIM for historic buildings, Andriasyan et al.
(2020) introduce an end-to-end workflow from input point
cloud to a BIM model that exists of precisely meshed ob-
jects. Croce et al. (2021) present a similar, semi-automatic
approach that uses a random forest classifier to segment
the point cloud into distinct structural element classes. In a
method closely related to our approach, Wang et al. (2022)
use a corresponding point cloud reconstructed from depth
images (RGB-D) to enrich the laser scanning point cloud
with semantics detected in 2D. Furthermore, in Wang et al.
(2022) the enriched point cloud is further processed to au-
tomatically remodel the mechanical, electrical and plumb-
ing structures (MEP) from a set of regular shaped and
irregular shaped objects, with the method separately intro-
duced in Wang et al. (2021).

Research methodology
Our proposed approach of creating and enriching a 3D
digital model of pipes consists of two main steps:

• Geometric reconstruction

• Information enrichment

Throughout the approach, two different types of raw data,
photos and point clouds, are processed by various algo-
rithms to extract diverse information. Furthermore, the
proposed co-registration method is applied to locate pho-
tos in the point cloud and thus enable to map the infor-
mation extracted from 2D image to 3D space. The whole
process is illustrated in Figure 1 and introduced in detail
in the following section.
Photos taken by the Terrestrial laser scanning (TLS) equip-
ment are combined with the independently gathered cam-
era photos in a photogrammetric co-registration step to

  information    
enrichment    

    geometric 
    reconstruction

TLS

photos point cloud

DSLR camera

photos

photogrammetric co-registration 

2D enrichment 3D enrichment 

hybridly enriched
semantic 3D model

3D reconstruction3D reprojection

Figure 1: The proposed process of creating and enriching 3D
models of pipes, through separate steps of co-registration,

enrichment and reconstruction

establish the spatial link between the datasets. Both the
photos and point cloud are processed using computer vi-
sion algorithms to enrich the raw data with specific in-
formation individually. The enriched laser-scanned point
cloud is used as the input for the geometric reconstruction
of the pipe model. Finally, the information parsed from the
photos is reprojected to the reconstructed 3D model using
the mapping established through the initial co-registration
step.
In the following subsections, the implemented steps of the
proposed method are introduced in more detail.

Geometric reconstruction
The most precise source of geometric information in this
workflow is the laser-scanned point cloud as captured by
TLS. Hence we use it as the basis for our 3D model recon-
struction. To narrow down the problem space and allow
for detailed reconstruction, we first enrich the raw point
cloud to be able to filter and split it.

3D enrichment by semantic segmentation
In this step, the input laser scanning point cloud is seg-
mented by KPConv, more specifically the KP-FCNN ar-
chitecture, a well-performing 3D deep learning architec-
ture on large-scale point cloud segmentation. As shown
in Table 1, KPConv (Thomas et al. 2019) is one of the
best-performing neural networks for point cloud segmen-
tation on the S3DIS dataset (Armeni et al. 2016), a widely
used benchmark dataset for large-scale indoor environ-
ment point clouds. We trained our model on a manually
labeled dataset of an industrial facility collected in a re-
lated study (Noichl et al. 2021) and made the inference on
our collected dataset. The inference segmentation result
of KPConv is used as input to the following steps.

3D enrichment by instance segmentation
The result of semantic segmentation is the full point cloud
with predicted class labels. All points belonging to one
category have the same label, regardless of whether they
belong to the same instances. In our case of creating a digi-

Page 309 of 605



Table 1: Performance comparison among different 3D deep
learning architectures on selected categories of S3DIS (Armeni
et al. 2016) dataset: *Qi et al. (2016), :Landrieu & Simonovsky
(2018), ;Huang et al. (2018), §Li et al. (2018), ¶Thomas et al.

(2019), }Zhao et al. (2021)

model mIoU ceiling floor window door

PointNet*47.6 88.0 69.3 88.7 47.5

SPG: 62.1 89.9 76.4 95.1 55.3

RSNet; 56.5 92.8 92.5 78.6 51.6

Pointcnn§65.4 94.8 75.8 97.3 58.4

KPConv¶67.1 93.6 83.1 92.4 66.1

PointTr.} 70.4 94.3 84.7 97.5 66.1

tal twin of pipes, segmentation only to semantic level is not
sufficient for the further steps necessary for reconstructing
pipe instances. Therefore, the semantic segmentation re-
sult needs to be further segmented to be able to identify
separate instances.
In our approach, we assume that one pipe instance can be a
represented by one cylinder or several cylinders connected
with elbows, as long as fluid can flow through these parts.
Based on the assumption that one pipe instance is contin-
uous and not intersected with other pipes, different pipes
can be segmented by clustering the point cloud. We use
the region growing algorithm (Rabbani et al. 2006) in the
Point Cloud Library (Rusu & Cousins 2011) that merges
the points that are close enough in terms of distance and
local smoothness to a point cluster. The output of this step
is the point clusters of point instances, which means points
that belong to one cluster representing one corresponding
pipe instance.

3D reconstruction
In this step, based on the assumption that one pipe instance
consists of one or multiple cylinders connected with el-
bows, we fit cylinders to the instance clusters by applying
M-Estimator Sample Consensus (Torr & Zisserman 2000),
a variant of Random Sample Consensus (RANSAC) (Fis-
chler & Bolles 1981). This allows us to extract the pa-
rameters of cylinders in each instance cluster, which here
include the cylinder axis and the radius. We further use as
the radius as the nominal diameter of the pipe I. The fit-
ting process works here directly if one pipe instance can be
represented by a single cylinder. However, for those pipe
runs that contain elbows, the elbow parts cannot be repre-
sented by cylinders directly. First, the radius of the elbow
connecting the straight pipes is calculated as r = 1 1

2I

(Parisher & Rhea 2011). Then, the according fillet start
and end points are calculated in 3D. The resulting path is
used to sweep a circle with the previously identified radius
I and create a 3D model of the pipe using the Python
scripting functionality of the open source application of

FreeCAD1. Thus, we have created a geometric 3D model
of pipes, which contains the fitted (cylindrical part) and
estimated (elbow part) surfaces of pipes, as well as the
corresponding segmented point cloud instances the recon-
struction is based on.

Information enrichment
In this step, we enrich the geometric reconstruction of the
pipe system by adding semantic information. This infor-
mation can be extracted from images, using the standard-
ized labels on pipes that are used to indicate the fluid type
and flow direction. However, co-registering laser scanning
point cloud and RGB photos is not straightforward. We
use our own method to bring the two data types together
as follows.

Photogrammetric co-registration
The information enrichment starts with the reconstruction
of the photogrammetric point cloud. Information like la-
bels on pipes cannot be recognised in point clouds, but
in images. Accordingly, images are a great source for
adding this type of semantic information to the geometric
pipe twin. In order to map information extracted from 2D
images to the 3D point cloud, we propose to create a pho-
togrammetric point cloud based on the images collected in
the same area as the laser scanning point cloud.
In the reconstruction process, the extrinsic and intrinsic
camera parameter matrices are estimated. In our approach,
we apply COLMAP (Schönberger et al. 2016, Schönberger
& Frahm 2016), an open-source Structure-from-Motion
(SfM) and Multi-View Stereo (MVS) software to recon-
struct photogrammetric point clouds. The terrestrial laser
scanner Leica RTC360 was used to capture the laser scan-
ning point cloud along with RGB images to colorize the
points. The input of SfM is a set of overlapping images
taken from different viewpoints by the laser scanner and
camera. SfM starts from feature detection through fea-
ture matching and then reconstructs the scene in 3D space,
including the reconstructed intrinsic and extrinsic camera
parameters of all images. The estimated camera poses,
including the position and orientation of each acquired
image in the reconstructed sparse photogrammetric point
cloud and the according reconstructed dense point cloud
are illustrated in Figure 2. The output after this step is
the computed extrinsic and intrinsic camera parameters of
the cameras of the laser scanner and the digital single-lens
reflex (DSLR) camera we used to capture the pipes.
Subsequently, we map the images taken by the DSLR cam-
era to the laser scanning point cloud. We use Ic to denote
the DSLR camera image set and Il to denote the whole
laser scanner image set that are used to reconstruct the
photogrammetric point cloud. For an image in camera im-
age set mi P Ic, Mi

ext and Mi
int denote the corresponding

camera extrinsic and intrinsic parameter matrices. These
parameters are computed by SfM from the previous step
and are in the coordinate of photogrammetric point cloud.

1www.freecadweb.org, visited Dec 10 2021
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(a)

(b)
Figure 2: Camera poses and point cloud reconstruction

(a) Camera poses in sparse model, camera poses marked with a
circle are images taken by the laser scanner, all others are taken

by DSLR camera
(b) Reconstructed dense point cloud, points on the front wall are

removed for better visualisation

For an image in laser scanning image set ni P Il, Ni
ext and

Ni
int denote the corresponding camera extrinsic and in-

trinsic parameter matrices that are computed by SfM and
referenced to the photogrammetric point cloud. Mean-
while, an image in laser scanning image set ni P Il also has
the extrinsic and intrinsic parameters of the laser scanner
camera, referenced to the coordinate of the laser scanning
coordinate, denoted by Li

ext and Li
int. Therefore, the im-

ages taken by laser scanner work as a ‘bridge’to connect
the photogrammetric and laser scanning point cloud. As
shown in Figure 2, the marked camera poses are images
taken by the laser scanner and the rest are images taken by
DSLR images. The Leica RTC360 laser scanner captured
images that are internally stitched and exported as all 6 or-
thogonal directions at each scanning position, forming the
so-called cube map. More details about the laser scanner
and data capturing are discussed in section .
For images ni P Il, camera positions in the photogrammet-
ric and laser scanning point cloud available . By moving
their centroids in the photogrammetric and laser scanning
coordinate to the origin, apppying singular value decompo-
sition (SVD) to the matrix of the product of the two position
matrices, the translation matrix and rotation matrix can be
computed. In this paper, we use M to denote the transfor-
mation matrix that transforms points from laser scanning
point cloud coordinates to photogrammetric point cloud
coordinates. Any point p =

[
x0, y0, z0

]T in the original

laser scanning point cloud S can be transformed to the
coordinate of the photogrammetric point cloud by[

x1, y1, z1, d1
]T

= M´1 [x0, y0, z0, 1
]T

, (1)

where
[
x0, y0, z0, 1

]T is the origin homogeneous coordi-
nates of this point p, M´1 is the inverse matrix of M,
and

[
x1, y1, z1, d1

]T are the newly calculated homoge-
neous coordinates of the point in the coordinates of the
photogrammetric point cloud.
Then normalization is applied by dividing each vector
component by d1,[

x2, y2, z2, 1
]T

=
1

d1

[
x1, y1, z1, d1

]T
, (2)

where
[
x2, y2, z2, 1

]T is the normalized homogeneous co-
ordinate vector of point p in the coordinate of photogram-
metric point cloud.
As a next step, we map the information detected in images
to the 3D space of laser scanning point cloud. The extrin-
sic parameter matrix of the image mi P Ic can be defined

as Mi
ext =

[
Ri Ti

0 0 0 1

]
, where Ri is the 3 ˆ 3 rota-

tion matrix Ri =

ri11 ri12 ri13
ri21 ri22 ri23
ri31 ri32 ri33

, and Ti is the 3 ˆ 1

translation matrix Ti =

ti1ti2
ti3

 of the image mi.

The intrinsic parameter matrix can be represented by

Mi
int =

fx s cx
0 fy cy
0 0 1

, where fx and fy are the focal

length of the camera measured in units of image pixels in
the horizontal and vertical directions, cx and cy are the
pixel coordinates of the principal point in the image plane.
Additionally, s denotes the skew coefficient of the camera.
A point in the coordinate of photogrammetric point cloud
computed from Equation (2) can be then transformed into
the camera coordinate of the image mi by

x3

y3
z3
1

 = Mi
out


x2

y2
z2
1

 =


ri11 ri12 ri13 ti1
ri21 ri22 ri23 ti2
ri31 ri32 ri33 ti3
0 0 0 1



x2

y2
z2
1


(3)

and subsequently projected to the image plane by applyingx4

y4
z4

 = Mi
int =

fx s cx
0 fy cy
0 0 1

x3

y3
z3

 , (4)

wherex3, y3, z3 are coordinates in camera coordinates, and
x4, y4, z4 are the perspective projected coordinates on the
image coordinates. The image coordinates of the projected
point in the image plane is calculated by homogeneous
coordinate normalisation,[

u, v, 1
]T

=
1

z4

[
x4, y4, z4

]T
, (5)
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where u and v are the pixel coordinates in the horizontal
and vertical direction in the image plane.
After applying these equations, a point in the laser scanned
point cloud (x0, y0, z0) is transformed to the pixel coordi-
nate of image plane (u, v). Now we need to check whether
this point is in the field of view of the camera by checking
conditions

0 ď u ď W X 0 ď v ď H, (6)

where W denotes the width and H denotes the height of
the image. If a point satisfies this condition, this point is
visible in the corresponding image.
If useful semantic information (like a detected bounding
box) is extracted from an image, we need to check further
which points in 3D space are projected to this area. The
pixel coordinates in an image are checked by

(u, v) Ď Si, (7)

where (u, v) are the pixel coordinates in image plane, Si
denotes the ith detected bounding box in this image. Then
we can attach the recognised texts inside the corresponding
bounding box to those points that are projected to this
bounding box.

2D information enrichment
In this step, standardized labels on pipes are recognised
and the corresponding information is extracted. An ex-
ample is shown in Figure 3. Standardized labels on pipes
represent information on the contained fluid (like liquid
type and direction of flow) which is useful information
for obtaining a rich model of the facility as required by
facility managers maintaining the piping systems. In our
approach, we use the open-source tool MMOCR (Kuang
et al. 2021) to achieve text detection in images. In order
to improve the performance of text recognition, the de-
tected bounding boxes are first rotated to an angle where
their longer sides are parallel to the horizontal axis. Then
text recognition is applied to the rotated bounding box and
we select the highest prediction score as the recognised
text. The recognition result before and after rotating is
compared in Figure 3. The recognition scores improves
a lot with proper rotation, from 79.3% to 99.8%. The
label text is recognised as "Vorlauf Heizung" (flow heat-
ing), "Rucklauf Heizung" (return heating), and "Vorlauf
Heizung" respectively, which is consistent to the true texts
on the labels with the exception of German umlauts ‘ä’and
‘ü’as the model used is pretrained in English.
With regard to detecting the arrow direction shown on the
label, our approach starts with enlarging the detected text
bounding box first. We then apply Canny edge detector
(Rong et al. 2014) and Hough transform (Mukhopadhyay
& Chaudhuri 2015) to detect lines and compute their in-
tersections. Considering the fact that the head point of
the arrow is close to the center line of detected label and
arrow body points lie on the detected lines, we can identify
the label arrow direction unambiguously. This shape for

(a) (b)
Figure 3: Detected bounding box before and after rotating (Text
score before and after rotation: 0.793 and 0.998). (a) Original
image and detected text boxes (b) Rotated image and detected

text boxes

labels describing of pipe content and direction of flow is
valid for all piping systems marked according to German
code DIN 2403:2018-10.

(a) (b) (c)
Figure 4: Steps for the recognition of label arrow direction

(a) Detected and (b) Enlarged text bounding box (only region of
interest is masked) (c) Line detection and intersection, green:
detected lines, orange, dashed: center line, red: arrow head,

blue: arrow body points

By following the computation in the previous section, the
information contained in these labels can be mapped to the
3D space of the laser scanned point cloud. Thus we are able
to map all detected information to the 3D reconstruction
of the pipe system, including both the text information as
the recognised arrow indicating flow direction.

Result and discussion
Dataset
The dataset we used was captured in the basement of a
building on the campus of the Technical University of
Munich using a Leica RTC360 laser scanner and Canon
EOS 600d camera.

Results
In Figure 5, we show the qualitative intermediate result of
our toolchain step by step. Figure 5(a) and Figure 5(b)
show the input point cloud and predicted pipe points in
the system, respectively. It is obvious to see that most
true pipe points are recognised as such. Different pipe
instances can be segmented from all pipe points by region
growing, as shown in in Figure 5(c), encoded with vary-
ing color. The centre lines of cylinders that are extracted
by RANSAC are illustrated in Figure 5(d) and the corre-
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sponding reconstructed pipes are shown in Figure 5(e). In
Figure 5(f), the information recognised from labels on the
pipe are added to the reconstructed model, including fluid
property and direction in our case. In conclusion, all pipes
in our test set could be reconstructed automatically and
corresponding information could be added to the model
properly.
Regarding the quantitative evaluation, we list the diameter
of our reconstructed pipes in Table 2. In this, the ground
truth model is not the diameter of pipes that are measured
in the real world, but rather our manual measurement in
the point cloud. Comparison is conducted between the
automatically created model and those values. As we can
see, the diameter deviation is small, the largest absolute
and relative deviation being 0.01m, respectively 6.3%.

Table 2: Quantitative precision evaluation of pipe
reconstruction against ground truth measured in the point cloud

Segment
No.

Ground
truth
(m)

our
model
(m)

Deviation
(abs.)
(m)

Deviation
(rel.)
(%)

1 0.158 0.150 0.008 5.1

2 0.163 0.157 0.006 3.7

3 0.159 0.169 0.010 6.3

4 0.158 0.165 0.007 4.4

5 0.198 0.195 0.003 1.5

6 0.215 0.216 0.001 0.5

Contribution and limitations
We describe the contributions of our work as follows:

• We propose a method that can be used to co-register
photos taken by camera and point clouds taken by
modern laser scanner equipment automatically. In
addition, we show the co-registration method pro-
vides convincing results in an automatic end-to-end
process to create and enrich 3D models for pipe sys-
tems.

• Our method creates a comprehensive model which
contains geometric information of pipes as well as
semantic information such as content type and flow
direction from standardized pipe labels by extracting
information from two different data sources, point
clouds and photos.

However, there are still following limitations:

• Images taken by the laser scanner are used as a
‘bridge’ to connect the laser-scanned point cloud and
camera images. For our method to work, laser scan-
ners with RGB sensors are required to enable the fully
automatic process.

(a) (b)

(c) (d)

(e) (f)
Figure 5: Overview of the process: (a) Laser scanning point

cloud (b) points with predicted ‘pipe’class (c) pipe points
clustered to separate instances (d) RANSAC- and projection

results for the pipe axes (e) 3D reconstruction with elbows using
a sweep (f) 3D model enriched with label information

• The direction recognition step is applicable as pre-
sented for piping systems that are labeled in com-
pliance to German code. For application in other
countries, assumptions need to be adapted2.

Conclusions
In this paper, we propose an automatic method to co-
register photos taken by camera and point clouds generated
by laser scanner. In addition, we show the co-registration
method works well as part of the presented end-to-end
approach to create and enrich 3D models of pipes. As
this method is fully automated, and human intervention
is limited to data capture, it provides the possibility to
generate and update the model frequently at a low cost.
The method introduced in this paper to register 2D images
by a camera to the laser-scanned point cloud also allows to
register images taken by other sensors. In our future work,
we aim to integrate thermal information in the process.

2e.g. for the United States according to ASME A13.1 - 2020
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Abstract 

Despite the potential of mobile electroencephalogram 

(EEG) devices in managing construction workers’ safety, 

health, and productivity, deploying mobile EEG at sites is 

hindered by significant motion artifacts introduced by 

worker movements. To address this issue, the authors 

propose a paired electrode- and constraint independent 

component analysis-based denoising that adaptively 

suppresses EEG motion artifacts via leveraging 

simultaneously collected motion artifact references. The 

proposed denoising was compared with an advanced 

benchmark on an EEG dataset collected under real human 

motions. Results show the proposed technique’s 

denoising performance is statistically higher than the 

existing advanced benchmark. The finding of this study 

can improve the applicability of mobile EEG to 

construction sites, thereby significantly contributing to 

management of workers’ safety, health, and productivity.  

Introduction 

There have been comprehensive efforts to advance 

workers’ safety, health, and productivity in the 

construction industry, which is one of the most dangerous 

and demanding fields (Harvey et al. 2018). One direction 

of such efforts is to continuously monitor construction 

workers’ psychophysiological responses to work 

environments, such as emotion, stress, mental workload, 

and fatigue, thereby proactively identifying 

psychophysiological disruptions as a preceding sign of 

detrimental outcomes for worker safety, health, and 

productivity (Ahn et al. 2019). For example, workers’ 

stress levels can be monitored to prevent depression or 

lack of task focus because prolonged high stress levels are 

likely to precede detrimental outcomes (Van Praag 2004). 

To this end, different wearable-type biosensors, such as 

wristbands, rings, and in-ears, have been applied to 

continuously collect construction workers’ biosignals 

(e.g., electrodermal activity (EDA), photoplethsmogram 

(PPG) and skin temperature (ST)) in which changes in 

their psychophysiological responses manifest (Ahn et al. 

2019). 

Among these wearable-type biosensors applied in 

construction sites, mobile electroencephalogram (EEG) 

devices have a unique capability: capturing brain waves 

from central nervous system activities (i.e., brain 

activities). Although monitoring biosignals related to the 

peripheral nervous system (e.g., EDA, PPG, and ST) can 

provide information about workers’ psychophysiological 

responses such as stress (Lee et al. 2020), risk perception 

(Lee et al. 2021) and physical demand (Hwang and Lee 

2017), by monitoring brain activities, we could achieve 

richer and more detailed psychophysiological 

understanding. For example, workers’ valence levels (i.e., 

from pleasure to displeasure), an emotional dimension 

important for understanding the quality of workers’ field 

experiences (Hwang et al. 2018), can be understood by 

monitoring brain activities (Russell et al. 1989). Also, 

brain activity monitoring enables us to track workers’ 

cognitive processes, such as perceiving sounds and visual 

cues, salient stimuli detection, information processing, 

and problem solving (Michel and Koenig 2018), thereby 

providing in-depth understanding of how workers 

cognitively interact with their environments. The 

emotional and cognitive status monitoring enables us to 

understand the underlying mental mechanism of 

construction workers’ behavior that negatively affects 

their safety and productivity, such as unsafe behavior and 

absenteeism (Parasuraman 2011). Therefore, more 

effective interventions can be designed and conducted 

based on the mental understanding to improve their 

jobsite safety and productivity (Parasuraman and Rizzo 

2006). Even though functional near-infrared spectroscopy 

(fNIRS) can be an alternative to EEG, EEG provides 

richer information that tracks activities across all brain 

regions including the limbic area near the center of the 

brain (Saha et al. 2015), which gives valuable information 

about physiological homeostasis (Pop et al. 2018). On the 

other hand, fNIRS sensing only provides information 

about activities that occur in the outer layer of the brain.  

Despite such a unique capability, current mobile EEG 

sensing technology still suffers from motion-induced 

artifacts which make it challenging to analyze EEG 

signals collected from construction workers in the field, 

where workers’ body movements are unpredictable and 

dynamic. The main source of motion artifacts in EEG is 

the gradient of the electromagnetic field (i.e., gradient 

artifacts) (Chowdhury et al. 2014). A gradient artifact is 

created by voltage induced at the scalp by surrounding 

magnetic field gradients. With head motions, electrodes 

move around within their surrounding electromagnetic 

field, introducing varying levels of electromagnetic 

interference (EMI) which cause fluctuations in EEG 

signal magnitudes. Given that EEG motion artifacts are 

typically much greater in amplitude than clean EEG 

signals, motion artifacts can lead to serious 

misinterpretations in EEG signal analysis (Barua and 

Begum 2014; Seok et al. 2021). 

The most commonly applied denoising techniques to 

alleviate EEG artifacts are based on blind source 

separation such as independent component analysis (ICA) 

(Urigüen and Garcia-Zapirain 2015). Blind source 
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separation-based denoising techniques first separate raw 

EEG signals into multiple independent components in a 

way that minimizes mutual information between different 

components. Then, these techniques filter out independent 

components whose signal characteristics (e.g., amplitude 

and frequency) are well matched with a pre-determined 

artifact source template, as artifact-related components 

(Castellanos and Makarov 2006). These denoising 

techniques perform well in alleviating artifacts whose 

signal characteristics can be predicted and pre-defined as 

a template, such as ocular (Nguyen et al. 2012) and 

muscular artifacts (Chen et al. 2017). However, as it is 

practically impossible to pre-define the signal 

characteristics of motion artifacts due to their inherent 

variability and the unpredictable nature of head 

movements, blind source separation-based denoising is 

not suited for EEG motion artifact removal (Chowdhury 

et al. 2014; Nordin et al. 2018). 

To overcome the limitation of blind source separation-

based denoising, attempts have been made to leverage 

motion artifact reference signals simultaneously collected 

with raw EEG signals, thereby alleviating motion artifacts 

without depending on a pre-determined noise source 

template. To collect reference signals, head motion data 

have been collected using optical motion-tracking sensors 

(LeVan et al. 2013) and accelerometers (Onikura and 

Iramina 2015). However, solely depending on these 

motion datasets might be insufficient for understanding 

motion artifacts in collected EEG signals because motion 

artifacts are determined by interactions between motions 

and their surrounding electromagnetic field (the Hall 

effect (Hall 1879)), which vary across contexts. In this 

regard, it has been recently suggested to pair reference 

electrodes with normal scalp electrodes as a means of 

collecting motion artifact references (Chowdhury et al. 

2014; Luo et al. 2014; Nordin et al. 2018). In this 

approach, each normal electrode is paired with a reference 

electrode while keeping the electircal isolation between 

them, and thus the reference electrode records only the 

motion artifacts’ references. Then, the motion artifact 

references are subtracted from raw EEG signals to acquire 

motion artifact-free EEG signals. 

Although current paired electrode-based techniques have 

shown promising potential to suppress EEG motion 

artifacts (Nordin et al. 2018; Nordin et al. 2019), the 

applied reference subtraction algorithm in these current 

techniques might not be adaptive enough to alleviate 

motion artifacts resulting from unpredictable and irregular 

motions in real field applications. Specifically, the current 

method first identifies motion artifact-governing 

frequencies from the reference and cancels raw EEG 

signals under the identified frequencies via assuming that 

EEG signals under these frequencies are too governed by 

motion artifacts and thus do not contain any useful 

information about brain activity (Nordin et al. 2018). This 

frequency-based dichotomous approach might work when 

motion artifacts and clean EEG signals are clearly 

differentiated in frequency range. However, in 

applications to construction workers, motion artifacts and 

clean EEG signals often share a wide range of frequencies 

(1-10 Hz) due to the irregularity of the motion (Gwin et 

al. 2010; Islam et al. 2020; Shukla et al. 2020). 

Therefore, the current techniques might remove a 

significant portion of waves in EEG signals useful in 

understanding workers’ brain activities, thereby 

compromising the reliability and validity of the following 

EEG analysis. To overcome this limitation, this study 

aims to develop a more adaptive reference subtraction that 

can seek out motion artifacts mixed with clean EEG 

signals over a wide range of frequencies and parallel the 

new reference subtraction with the paired electrode-based 

motion artifact reference recording, thereby enabling 

applications of mobile EEG at construction sites. To this 

end, this study first proposed an EEG motion artifact 

denoising technique that parallals a new adaptive 

reference subtraction with the paired electrodes. Then, to 

validate the proposed denoising technique, the denoising 

performance is compared with an advanced existing 

paired electrodes-based denoising technique on an EEG 

dataset collected in a lab setup where construction 

workers’ dynamic motions are carefully reproduced. 

Proposed EEG motion artifact removal 

Acquisition of motion artifact reference 

The authors adopted the paired electrode approach 

(Chowdhury et al. 2014; Luo et al. 2014; Nordin et al. 

2018) to record motion artifact references. A 

commercially available EEG device (i.e., Mentalab 

Explore) was customized. This device provides up to 

eight EEG channels on a flexible cap and has a sampling 

rate ranging from 250 Hz to 1000 Hz. The authors 

customized this device to apply our own adaptive EEG 

motion artifact removal technique. The authors paired 

electrodes: The noise-reference electrodes were flipped 

and attached to their paired scalp electrodes using an 

insulating tape, and then a conductive fabric was layered 

over the noise-reference electrodes to short the noise-

reference electrodes and ground them like the human 

scalp does for the normal scalp electrodes (Figure 1). In 

this setup, the noise-reference electrodes remain 

electrically isolated from the scalp but experience similar 

motion artifacts to what the normal scalp electrodes 

experience, allowing the noise-reference electrodes to 

record only motion artifacts. 

 
Figure 1: Customized mobile EEG device and details of the 

paired electrodes 

Page 317 of 605



Subtraction of motion artifact from raw EEG by a 

constrained independent component analysis with 

motion artifact reference 

To adaptively alleviate motion artifacts using the 

references collected by the paired reference electrodes, a 

constraint independent component analysis (cICA; Figure 

2) was applied. First, the raw EEG signals are synced with 

the motion artifact references collected by the noise-

reference electrodes. Then, the cICA is applied to identify 

and filter out one IC whose signal shape is similar to the 

provided motion artifact reference, assuming that the IC 

results from the motion artifact. This method is based on 

an empirical finding; since paired normal and reference 

electrodes experience almost identical electromagnetic 

gradients from movements, motion artifacts implicit in 

EEG signals collected by a normal scalp electrode can 

have similar signal shapes in time domains with the 

motion artifact reference collected by the reference 

electrode paired with the normal electrode (Chowdhury et 

al. 2014), while the amplitude scale might be different due 

to different electric conductance of the circuits of the 

normal scalp electrode and the reference electrode. To this 

end, the authors designed the cICA to be sensitive to 

motion artifact references by having two conditions 

reflected as constraints in the process of identifying ICs: 

(i) minimized mutual information between ICs and (ii) 

one IC with similar signal shape to the provided motion 

artifact references in a scaleless manner. Specifically, the 

authors combined the ICA with a reference (ICA-R) (Lu 

and Rajapakse 2006) and the Fast ICA (Hyvärinen and 

Oja 2000) to realize the aforementioned cICA. Once the 

ICA-R extracts a weight vector corresponding to the IC 

similar with the provided motion artifact reference, a 

modified version of the Fast ICA is applied to calculate 

the other weight vectors corresponding to the other ICs 

that share minimal mutual information with the 

determined motion artifact-similar IC, thereby finalizing 

the demixing matrix. Then, by multiplying the demixing 

matrix and the raw EEG signals, ICs are acquired. Among 

the ICs, the IC identified as motion artifact-similar is 

linearly subtracted from the raw EEG signals, thereby 

denoising motion artifacts. Through this procedure, 

motion artifacts mixed with clean EEG signals across a 

wide range of frequencies are expected to be addressed. 

The proposed denoising technique validation 

In validating biosignal denoising techniques, it is 

challenging to obtain a ground truth/noisy biosignal pair, 

which is essential to comparing the ground truth with 

denoised signals. As a means of acquiring the ground truth 

EEG signals together with ones contaminated by motion 

artifacts, the authors applied the phantom head approach 

(Oliveira et al. 2016). In this approach, an EEG sensor is 

put on a phantom head whose shape and electrical 

conductivity are similar to a real human head. Then, the 

phantom head is set to move so as to collect a pure EEG 

motion artifact. The collected EEG motion artifact is 

linearly combined with a prepared clean ground truth 

EEG to make a semi-simulated noise EEG. With the pair 

of the ground truth EEG and the semi-simulated noise 

EEG, denoising performance can be quantified by 

comparing between the ground truth EEG and a denoised 

version of EEG that is acquired by applying a denoising 

technique to test on the semi-simulated contaminated 

EEG. This study statistically compared the denoising 

performance of the proposed technique with the most 

advanced existing paired electrode-based denoising 

tehcnique (Nordin et al. 2019) on the dataset prepared by 

the phantom head approach. 

Phantom head generation 

A phantom head was first created to authentically imitate 

the shape and conductivity of a human head (Figure 3). 

Once the skull and its inner part were created with a 

mixture of dental plaster, water, and sodium propionate 

the authors duplicated human scalp skin with 1.2-1.5-mm 

thick conductive geletin. The conductivity of the plaster 

mixture and conductive gelatin skin were set to 0.0004 

S/m and 0.3 S/m, respectively replicating the conductivity 

of a real human head. Also, unlike previous phantom-bead 

EEG denoising validation studies where an artificial 

regular and consistent motion was applied (Nordin et al. 

2018; Oliveira et al. 2016), we intended to test real human 

motions. To do so, a steel plate was embedded in the 

bottom of the head through which real human motions 

could be delivered to the head.  

Motion artifact collection and generation of semi-

simulated EEG contaminated by motion artifact 

The customized mobile EEG sensor with paired 

electrodes was put on the phantom head and EEG signals 

were collected in a nosy setup with motions to collect 

EEG motion artifacts with the motion artifact reference. 

In the data collection, two electrode pairs were installed 

on two nodes on prefrontal cortex area (i.e., F3 and F4; b 

Figure 2. Overview of the proposed cICA-based reference subtraction 
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in Figure 3), where brain activities related to workers’ 

stress and emotions (Hwang et al. 2018) can be monitored. 

The sampling rate was set by 250 Hz. Here, motions like 

those occurring in a construction worker’s daily work at 

sites were provided. Specifically, a hands-free-camera-

gimbal-style steel rack was connected to the steel plate 

embedded in the bottom of the phantom head, so that a 

person could comfortably wear the phantom head (d in 

Figure 3). A research staff member conducted a sandbag 

carrying task, a typical construction task, to elicit natural 

motions while wearing the phantom head on their back. 

Specifically, the staff member conducted four sessions of 

sandbag carrying, each of which took six minutes, so that 

a total of 24-minute-long EEG motion artifact signals 

were collected. A 24-minute timespan was determined 

sufficient for acquiring enough samples via statistical 

analysis (i.e., paired t-test), which is elaborated on in the 

following paragraph. In each sandbag carrying session, 

the research staff member carried moderately weighted 

sandbags (10 kg) between two spots 10 m apart. Their 

pace was controlled to 30, 25, 20, and 15 seconds per 

carry over the four sessions to introduce variability in 

motion intensity.  

Once the motion artifacts were collected, they were 

linearly combined with a clean ground truth EEG signal 

to make a semi-simulated motion artifact-contaminated 

EEG signal. Since the motion artifacts originate from 

human motions which are totally independent from other 

legitimate brain activities, this linear superposition 

assumption can be valid (Islam et al. 2015; Islam et al. 

2020; Shahbakhti et al. 2021). A publicly available EEG 

signal dataset, collected from 50 subjects under a well-

controlled shielded noise-free lab condition, (Klados and 

Bamidis 2016) was used as a ground truth EEG signal. 

This EEG signal dataset has been widely used as a ground 

truth EEG among multiple denoising validation studies 

(Issa and Juhasz 2019; Mohammadpour and Rahmani 

2017; Saini and Satija 2019). First, the collected motion 

artifact was downsampled from 250 Hz to 200 Hz to sync 

with the used ground truth EEG whose sampling rate is 

200 Hz. Then, a bandpass filter (0.5-40 Hz) and a north 

filter (50 Hz) were applied on the motion artifacts just as 

they were applied on the ground truth EEG. Then, the 

beginning and ending segments of the 24-minute-long 

motion artifact signals were removed to minimize the 

impact of the bandpass-filter-induced distortion and the 

middle 1250-second-long motion artifact signal data was 

divided into 50 25-second-long segments. These 50 

segments were paired and linearly combined with 50 

different subjects’ ground truth EEG signals acquired 

from the ground truth dataset. Through these procedures, 

the authors had a total of 100 25-second-long semi-

simulated motion artifact contaminated EEG signal 

samples (50 segments and 2 channels per each segment).  

Statistical comparison with the existing technique 

As a validation, this study statistically compared the 

performance of the proposed denoising technique with the 

most advanced paired electrode-based adaptive denoising 

(Nordin et al. 2019) as a benchmark. To this end, the 

proposed denoising technique and the benchmark were 

applied to the 100 noisy EEG signal samples. From each 

signal sample, three denoising performance metrics (i.e., 

signal-to-noise ratio (SNRdB), root mean square error 

(RMSE) and cross correlation (CC)) were calculated by 

comparing denoised signals with ground truth EEG 

signals. Then, the three denoising performance metrics 

were statistically compared between the proposed 

technique and the benchmark by conducting paired t-tests. 

According to statistical power analysis (desired power: 

0.95, alpha: 0.05, effect size: 0.35), the number of samples 

(100) was confirmed sufficient to conduct the planned 

paired t-tests. The higher denoising performance is 

represented by higher SNRdB and CC, and lower RMSE. 

 
Figure 3. phantom head used in this study; (a) created 

phantom head; (b) Normal scalp EEG equipped on the 

phantom head; (c) Paired reference EEG setup; (d) Phantom 

head worn by a staff 

 

Results and findings 

Figure 4 displays the different denoising results between  

the proposed technique and the benchmark on a sample of 

EEG. This visualization shows that the signal desnoised 

by the proposed technique is more similar to the ground 

truth EEG than the one denoised by the benchmark. This 

observation coincides with the results of the three paired 

t-tests; the proposed denoising technique showed 

statistically higher SNRdB, CC, and lower RMSE than the 

benchmarks (p-values: almost zeros). Figure 5 shows box 

plots of the denoising performance metrics and the 

summary of the results of the three paired t-tests. These 

results indicate that the proposed denoising technique 

better denoises EEG motion artifact induced by real 

human motions occuring during a construction task (i.e., 

material handling task).  

In particular, CC shows denoising perfomance difference 

between the two denoising techniques more clearly than 

SNRdB and RMSE. Given that CC measures how 

correlated the ground truth EEG and the denoised EEG 
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are in the time domain, while SNRdB and RMSE quantify 

how close data points of the ground turh EEG and the 

denoised EEG are, this result means that while the EEG 

signal denoised by the proposed technique well reflects 

the ground truth EEG signals’ ‘up and down patterns,’ the 

benchmark just reduces the amplitude of the noisy EEG 

to fit the scale of the ground truth EEG but fails to restore 

the signal patterns of the ground  truth.  

 
Figure 4. Denoising results of the proposed technique and the 

benchmark 

To understand the underlying reason why the proposed 

technique shows better denosing performance than the 

benchmarks, the authors ploted a segment of the collected 

motion artifact reference in the frequency domain (Figure 

6). As shown in this figure, the frequency ranges 

deteremined as motion artifact-governing and thus to be 

removed are widely distributed ranging from 0 to 20 Hz 

(red marked area). These ranges are overlapped with  

frequency ranges useful in understanding human 

psychophysioloigcal responses, such as delta (1-4 Hz), 

theta (4-7 Hz), alpha (8-12 Hz), and part of beta (12-30 

Hz) (Holder et al. 2010). Since the benchmark denoising 

technique cancels the signals on the frequency ranges 

determined as motion artifact-governing, the informative 

waves in EEG signals will be eliminated, thereby 

compromising the following EEG analysis results.  

Also, the authors exmined how similar the motion 

artifacts are to the motion artifact references by 

visualizing the signals collected by a normal electrode and 

its paired reference electrode. Aross most of the segments 

of collected EEG signals, the motion artifact and its 

reference showed a similar signal shape, but their 

amplitude scales differed (Figure 7). Through this visual 

investigation, the authors confirmed that the 

aformentioned conditions in the proposed cICA (i.e., 

similar signal shape in time domain with different 

amplitude scales) can be assumed. 

These results demonstrate that the proposed denoising 

technique is more effective in alleviating EEG motion 

artifacts induced by real human motions than the existing 

paired electrode-based technique. The motion artifact is 

one of the most significant hurdles hindering deployment 

of mobile EEG at construction sites. The finding of this 

study can therefore significantly improve mobile EEG’s 

field applicability, and thus contribute to monitoring 

construction workers’ brain activities during their field 

work, which can help with the management of worker 

safety, health, and productivity.  

 
Figure 5. Comparison of three denoising performance metrics 

and the results of paired t-tests 

Despite such significance, there are limitations in this 

study that should be addressed in future studies. First, 

even though the authors found that the proposed technique 

shows statistically higher denoising performance than the 

existing techniques, it needs to be additionally examined 

how significantly the improved denoising affects 

performance in tasks using EEG signals (e.g., EEG-based 

stress level classification and EEG-based cognitive load 

measurement). Also, this study tested two-electrodes-

array only, but the required number of electrodes varies 

according to the type of EEG field applications. 

Therefore, whether the proposed technique’s denoising 
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performance is independent from the number of 

electrodes should also be investigated in a future study. 

 
Figure 6. Frequency domain plot of the collected motion 

artifact reference 

 
Figure 7. Motion artifact and its reference 

Conclusions 

Mobile EEG empowers us to understand construction 

workers’ mental processes related to their work in the 

field through their brain activities, thereby planning 

effective interventions for improving their jobsite safety, 

health, and productivity. Despite such a unique capability 

of EEG, current mobile EEG is still subject to motion 

artifacts caused by workers’ dynamic body movements. 

Paired electrodes-based reference recording has great 

potential to alleviate motion artifacts in EEG signals 

collected by a mobile EEG device in the field. However, 

existing frequency-based dichotomous reference 

subtraction algorithms might not be effective in 

alleviating motion artifacts induced by real workers’ 

motions during their field work because workers’ 

irregularal motions spread the motion artifacts over a wide 

range of frequencies including frequency ranges of 

meaningful brain activities-induced EEG waves. To 

address this limitation, this study proposes a more 

adaptive denoising technique that conducts a constraint 

independent component analysis (cICA)-based reference 

subtraction. To compare the denoising performance of the 

proposed technique with an existing frequency-based 

dichotomous technique, the authors collected pure EEG 

motion artifacts by applying a construction task (i.e., 

material handling task)-induced real human motions on a 

mobile EEG-equipped phantom head and generated semi-

simulated motion artifact-contaminated EEG signals by 

linearly combining the collected motion artifacts with 

clean ground truth EEG signals acquired from a publicly 

available EEG dataset. Then, three denoising metrics that 

quantify similarity between the ground truth and denoised 

EEG signals (i.e., SNRdB, RMSE, and CC) were measured 

and compared between the two denoising techniques. The 

results showed that the proposed technique’s denoising 

performance is statistically higher than the existing 

technique. The proposed denoising technique can 

significantly improve the field applicability of mobile 

EEG, thereby enabling us to monitor construction workers’ 

brain activity during their ongoing work. The EEG-based 

field brain activity monitoring can provide useful 

understanding of workers’ psychophysiological responses 

to work environments, so that their safety, health, and 

productivity can be better managed. 
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Abstract
Single-board computers like Raspberry Pi, have enabled
a wide variety of monitoring applications. Microcon-
troller development boards offer similar functionality, but
at a lower cost. Still, they are not widely used, because
they are supposed to be slow. This paper aims to eval-
uate the abilities of modern microcontrollers and com-
pares them to single-board computers. For this purpose,
a market research and experiments are conducted. The
results show that promising low-cost microcontrollers ex-
ist, which could be applied to reduce the cost per node or
increase the number of nodes used simultaneously in one
monitoring system.

Introduction
In our modern world, many systems observe their sur-
roundings and may also act on them, mostly unnoticed by
us or taken for granted. These processes are referred to
as monitoring and control, and they are becoming increas-
ingly indispensable. The size of systems making use of
monitoring and control ranges from small, everyday items
to entire factories or even cities (Su et al. 2014, West-
kämper et al. 2013, Eremia et al. 2017, Zand et al. 2012).
Monitoring or monitoring and control, respectively, have
made some outstanding achievements of the 20th century
possible. One example is magnetic resonance imaging,
presented in 1973. By using strong electromagnetic fields,
this procedure can create cut-through images of animal or
human bodies, thereby enabling doctors to have a view into
the body without the need to cut it open. This capability
supports research in many fields of modern medicine, e.g.,
detecting and treating cancer or understanding processes in
the brain (Lauterbur 1973, Morris 2002, Despotović et al.
2015).
In the classical engineering sciences of civil and mechani-
cal engineering, monitoring is used to understand materials
and their properties and thus to improve them. A reliable
method to evaluate component strength is destructive test-
ing. In such experiments, the components that have to
be assessed can be tested by compressive force through a
hydraulic press until failure. However, destructive testing
is not always an option, as sometimes parts of the exper-
iment can be too large, expensive, or long to produce. In
such cases, monitoring is a good, non-destructive alterna-

tive. The procedure of monitoring specific criteria over
the components lifetime is referred to as structural health
monitoring (SHM) (Malek & Kaouther 2014, Sheng et al.
2011).
With monitoring, whether on a small or large scale, data
is collected. This data can either be used to control a
known process or explore an unknown one, resulting in
countless application areas. Different quantities can either
be perceived by humans (e.g. temperature, sound, and
a partial spectrum of light) or require special sensors for
their detection (magnetism or radiation) and are measured
with varying sensor hardware.
A hardware review conducted by Healy et al. (2008) lists
more than 40 different sensor nodes produced since 1998
together with their hardware specifications. In cases where
a single measuring device is not sufficient for a task or
multiple devices are required to handle a number of tasks,
wired networks need to be formed. Nowadays, these net-
works shift towards wireless technologies, as they enable
more opportunities concerning their installation. In re-
cent years, wireless sensor networks allowed for utiliza-
tion in new SHM application domains. Wireless moni-
toring systems are cheaper, easier to install and maintain
than conventional wired systems, and, depending on the
application, transmission times are negligible.
Many wireless sensor nodes are based on single-board
computers like the Raspberry Pi (Crookes et al. 2021).
The term single-board computer is used within this work
in contrast to standard desktop computers on which each
component like CPU, memory or peripheral devices such
as graphic card, sound card, etc. are separate compo-
nents that are plugged into a linking circuit board most
often referred to as motherboard (e.g. the IBM-like PC).
Single-board computers are available in different sizes and
appearance. Many, but not all, are also developer boards
offering access to a wide variety of input and output in-
terfaces (Ray & Al Dhaheri 2017, Kanagachidambaresan
2021).
The work presented in this paper should assess if
microcontroller-based sensor node designs could comple-
ment or even replace existing none-microcontroller-based
ones and thus increase cost-efficiency. A microcontroller
is a standalone unit, which comprises of a microproces-
sor, sometimes also referred to as Central Processing Unit
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(CPU), memory and programmable input/output peripher-
als. All components are wrapped within a single chip.
The paper focuses on evaluating criteria relevant for project
hardware selection. To accomplish this aim, a wireless
sensor node system based on microcontrollers was de-
signed and tests were carried out. Relevant criteria, such
as power consumption, computational power, and connec-
tivity are brought to the tests and results are collected,
analyzed, and interpreted in the context of similar so-
lutions based on single-board computers. Additionally,
non-measurable quantities like overall system complexity
and accessibility for non-computer-science or electronic-
engineering users are considered.

Design of a wireless sensor node system based
on microcontrollers
A wireless sensor node system consists of three major
components: a sensor node consisting of a microcontroller
and senors (S1, S2, etc.) attached to it through interfaces
(iface), a gateway, and a server. Figure 1 presents a high-
level overview of such a system. The gateway and the
server are intentionally kept abstract. Furthermore, the
power supply of each component is considered to be a sep-
arate building block, as it ideally could be chosen from a
variety of options like batteries, solar modules and gener-
ators. It is also possible that the gateway and the server
get combined within a single device. In this case, there
is no Wide Area Network (WAN) connection involved to
transport the data between the gateway and the server.

Figure 1: High-level overview and dataflow of the system. S1 -
S4 denote sensors and Iface denotes an interface.

Based on this abstract model of a wireless sensor node
system, we propose a specific implementation. To trans-
mit data between the sensor node and the gateway, the
wireless transmission technology wireless fidelity (WiFi)
was chosen over other options like Bluetooth, as it offers a
high number of possible devices and a good transmission
quality over long distances. This decision directly dictates
the appearance of the gateway. It would have been pos-
sible to use a Raspberry Pi as a gateway, but this would
have involved numerous setups, possibly leading to an in-
secure device. As there was no intention to preprocess the
data received from the sensor nodes, a regular WiFi router
was chosen to function as a gateway. The ESP32 (Espres-
sif Systems 2021) and the ESP8266 (Espressif Systems
2020) were selected as the microcontroller unit respec-

tively. They offer decent performance, a wide range of ana-
log and digital interface connections, e.g. Inter-Integrated
Circuit bus I2C (NXP Semiconductors 2021), low power
consumption, and good documentation at low procurement
costs. The sensor nodes were equipped to measure differ-
ent physical quantities by attaching the following sensors
to the I2C interface: INA219 (current, voltage), BME280
(temperature, humidity, air pressure), and BH1750 (illu-
minance) (Texas Instruments 2015, Bosch Sensortec 2015,
ROHM Semiconductor 2011). Additionally, the analog
temperature sensor DHT11 (Sunrom Technologies 2012)
was chosen to evaluate an interface without I2C. For the
server, a Raspberry Pi 3 was selected as it can be operated
on a 24/7 basis with low power consumption. Further-
more, it offers enough non-volatile memory in the form of
a secured digital (SD) card for all sorts of projects. There
were many different options available to save the data on
the SD card. These ranged from plain text, over JavaScript
Object Notation (JSON) and Extensible Markup Language
(XML), to databases like MariaDB or MongoDB. In the
end, JSON was chosen, as it is human-readable, can be au-
tomatically parsed, is shorter to read and write compared
to XML, and is easy to transfer between systems. Fur-
thermore, JSON was also used for the data exchange be-
tween the microcontroller and the server. In terms of avail-
able programming languages, the microcontrollers and the
server were quite different. The microcontrollers offer only
C++ and Python as programming languages, whereas the
server allows to choose from any available on Linux. Fi-
nally, for the power supply, a combination of on-grid and
off-grid powering was chosen. The microcontrollers were
powered by rechargeable batteries, whereas regular wall
plugs powered the router and the Raspberry Pi. However,
it would also be possible to operate the router and the Rasp-
berry Pi with correspondingly large batteries. In Figure 2
the schematic of the proposed system is presented.

Figure 2: Detailed view of the proposed system.

Hardware benchmark tests
To evaluate the characteristics of microcontrollers and
compare them to single-board computers, a hardware
benchmark was performed. All experiments considered
for the benchmark were carried out indoor in a regular
middle European environment at approximately 22°C. Be-
side the previously mentioned ESP32 and the ESP8266,
Raspberry Pico (Raspberry Pi Trading Ltd 2021) also rep-
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resented the microcontrollers, while some already existing
models of the Raspberry Pi family constituted the group
of the single-board computers, namely the Raspberry Pi
2B, Raspberry Pi 3B, Raspberry Pi 3B+, Raspberry Pi 4B
and the Raspberry Pi Zero W. These devices exemplarily
represent the different performance classes available on
the market. The Raspberry Pi 2B was added to the selec-
tion to examine if devices without a built-in WiFi module
are still relevant by the usage of an additional USB WiFi
dongle. The microcontrollers were run at different clock
frequencies, because it is expected that they will consume
less power while operating at low than at high frequencies.

Power consumption
An experiment was carried out to record the power con-
sumption of the selected microcontrollers and single-board
computers. Both the microcontrollers and the single-board
computers were supplied with a voltage of 5V via USB.
The flowing current in milliampere was measured between
the positive output of the power supply and the positive in-
put of the device. For this purpose, a UNI-T UT139B mul-
timeter set to max-setting, which only displays the highest
seen value, was used.
Since neither microcontrollers nor single-board comput-
ers are continuously operated under full load, the mea-
surements for all devices were carried out in different sce-
narios: idle, high load, network transmission, if available
without a keyboard, without a connected screen, and with-
out a connected WiFi dongle. Some conditions were also
measured in combination.
Idle For the idle state, two approaches were used. On
one hand, measurements of the Raspberry Pi devices were
conducted after the system had fully loaded. On the
other hand, measurements of the microcontrollers were
performed by executing a program consisting of only a
single sleep instruction.
High load For the high load scenario, a self-built prime
number search was used. This program creates different
amounts of CPU stress based on the upper search limit and
the number of threads. Both the single-board computers
and the microcontrollers used an upper limit of one million.
For the single-board computers, the maximum number of
available threads was used. The microcontrollers used a
slightly modified version without threading, as this func-
tionality is not supported in the same way as in regular
C++.
Network Different approaches on the single-board com-
puters and the microcontrollers were used for the network-
ing scenario. The single-board computers used the Linux
tool iperf3 (networking speed measurement) to create a
high load on the networking device. On the microcon-
trollers, a self-built program was used, which transmitted
random numbers as quickly as possible.
Keyboard / screen / WiFi dongle All single-board com-
puter devices were used with a keyboard and a screen
attached. As the Raspberry Pi 2 has no built-in WiFi
module, an additional WiFi dongle was used. By system-

atically unplugging these connections, their influence was
measured. All of these measurements were performed in
idle state.
Deep sleep One crucial feature of the microcontrollers,
which is not available on the Raspberry Pi, is deep sleep.
A Raspberry Pi has different power states as well, but is not
able to wake up or restart by itself. The microcontrollers
either have a timer-based wake-up, an event-based wake-
up (e.g., voltage high/low on a specific pin), or both. As
all manufacturers claim that their devices require a low
amount of power in the deep sleep state, a test was carried
out to prove this claim. Based on the microcontroller SDK
documentation, a deep sleep program was created for all
microcontrollers, and the flowing current was measured
again.
The results of the hardware benchmarks are summarized
in Table 1. They clearly show that microcontrollers re-
quire significantly less energy than single-board comput-
ers, which was expected. But the magnitude of the differ-
ences in the different scenarios is interesting. While there
is only a slight difference between the idle and full load
state with the microcontrollers, single-board computers re-
quire between 1.8 to 3 times more energy in the full load
state as in the idle state. This also shows that the tested
microcontrollers do not have any automatic power-saving
mechanisms. If, similar to the case with single-board
computers, energy is to be saved when the load is low, the
developer himself must carry out the necessary steps. This
can be achieved, for example, by dynamically adapting the
CPU clock rate or by switching various components of the
microcontroller off. However, such an approach leads to
much more complex programs.

Execution time of programming languages
Performance with C++ This experiment was carried out
to create a unified benchmark value over all devices. This
value represents the computational power of a single core
per device. The time needed for one run of the prime
number search was used to create this value. All devices
searched for primes with an upper limit of one million.
The program for this benchmark was written in C++ and
it is identical for die single-board computers and the mi-
crocontrollers.
Performance with Python Due to all chosen microcon-
trollers supporting micro python and python being less
complicated in programming than C++, the speed had to
be compared. Therefore, the existing prime search bench-
mark was ported to python, and the experiment was re-
peated for all devices.
Python’s level of complexity is lower compared to C++ and
some tools like CMake. This enables quicker development
and less complex code. However, C++ is a compiled lan-
guage, and python is only an interpreted one. Therefore,
it should be clear that execution times will be shorter for
C++. The direct comparison from the test results 2 shows
that, at least for large computational tasks, python is not
well suited within a microcontroller environment. Over all
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Table 1: Power consumption of all devices measured in mA. All microcontrollers were benchmarked with only a single core.
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Pi 0W 89 93 86 88 - 161 186 276 297 -
Pi 2B 231 290 287 288 200 424 490 387 527 -
Pi 3B 225 224 221 221 - 677 687 422 823 -
Pi 3B+ 368 370 367 368 - 945 936 605 1148 -
Pi 4B 388 394 389 388 - 875 889 656 1117 -
ESP8266 @160MHz 76 84 - - - 81 - 84 - 5
ESP8266 @80MHz 75 79 - - - 77 - 81 - 5
ESP32 @240MHz 51 160 - - - 71 - 149 - 11
ESP32 @160MHz 40 120 - - - 52 - 138 - 11
ESP32 @80MHz 34 102 - - - 40 - 120 - 11
Pico @300MHz (1.25V) 42 - - - - 51 - - - 2
Pico @240MHz (1.10V) 35 - - - - 36 - - - 2
Pico @160MHz (1.10V) 25 - - - - 25 - - - 2
Pico @125MHz (1.10V) 21 - - - - 21 - - - 2
Pico @80MHz (1.10V) 21 - - - - 18 - - - 2

tested microcontrollers and frequencies, C++ is approxi-
mately 47 times faster on average and on the ESP32 even
more than 67 times.
WiFi performance
A separate experiment was carried out to determine
whether the available WiFi bandwidth is sufficient for the
data transmission of the microcontrollers and how many
messages can be sent per second. For this purpose, mes-
sages containing 100 or 1000 symbols were transmitted
and the transmission time was recorded. The minimal,
maximal and average transmission time for 100 runs were
determined.
The measured values of the WiFi transmission experiment
(Table 3) clearly show that both ESPs can send more than
20 messages per second on average. Interestingly, despite
the older CPU architecture and only one core, the ESP8266
requires an average of 50% less time to transmit messages.
In addition, it only takes an average of 20% more time to
transmit a message that is 10 times longer.

Monitoring experiments
To evaluate the application of the wireless sensor node sys-
tem for monitoring purposes, additional experiments were

Table 2: Execution time of the programming languages in
milliseconds.

Pi 0W 3964 108925
Pi 2B 3613 83689
Pi 3B 2233 49851
Pi 3B+ 1917 42465
Pi 4B 1284 14438
ESP8266 @160MHz 25296 504000
ESP8266 @80MHz 50592 1016000
ESP32 @240MHz 2430 165000
ESP32 @160MHz 3658 247000
ESP32 @80MHz 7400 494000
Pico @240MHz (1.10V) 4477 205000
Pico @160MHz (1.10V) 6734 307000
Pico @125MHz (1.10V) 8638 393000
Pico @80MHz (1.10V) 13575 614000

carried out. The aim of performing these experiments was
to assess the runtime available for monitoring processes
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Table 3: Time required to transmit a message of 100 or 1000 symbols via WiFi in milliseconds (based on 100 runs).

Microcontroller Frequency t100characters[ms] t1000characters[ms]

Min Max Average Min Max Average
ESP32 240MHz 27.0 105.0 39.9 30.0 215.0 43.0
ESP32 160MHz 34.0 194.0 45.3 36.0 92.0 53.5
ESP32 80MHz 45.0 235.0 61.3 53.0 96.0 71.1
ESP8266 160MHz 13.0 93.0 21.8 20.0 116.0 30.7
ESP8266 80MHz 16.0 214.0 28.2 25.0 62.0 32.7

and to check whether microcontroller-based nodes are suit-
able for measuring environmental parameters, in particular
temperature, humidity and illuminance. A schematic rep-
resentation of the sensor node setup is shown in Figure 3.
One node was placed in the same room as the WiFi router,
whereas the other was placed in the next room to evalu-
ate the WiFi transmission quality of the microcontrollers’
small antennas. Both nodes were placed on a windowsill
where the window had no louver or drapes.

Figure 3: The ESP8266 sensor node setup.

Voltage and runtime
One of the most important questions was how long the
nodes could run on battery power. While an experiment
which measured the voltage of the sensor nodes was run-
ning, a rough answer can be given, as the ESP32 stopped
working early on day three. This can be seen in the data
evaluation in Figure 4. For better readability, the day-
time of all measurements was aligned with the x-axis. For
example, 6 AM on the first day of the experiment corre-
sponds to 0.25 on the x-axis. In total, the ESP32 based
node achieved an uptime of around 2.5 days, whereas the
ESP8266 based one achieved a little more than six days.
Based on the power consumption measurements from the
previous section, the battery capacity of 2800mAh, and
5-10 seconds for a complete measurement iteration, an up-
time of around one week was expected. By looking at the
voltage levels of both nodes, one can see that the ESP32
was more sensitive to the voltage decrease. It stopped

working at a converter input voltage of 4.9V, whereas the
ESP8266 was still operational down to 4.2V. The rea-
son for this behavior was the chosen voltage converter
LM317 (Texas Instruments 2020). It was configured to de-
liver 3.3V using the battery’s fully charged supply voltage
of 5.8V. Any other configuration would have delivered a
too high voltage, resulting in possibly damaging the ESPs.
However, this configuration led to the earlier shutdown of
the ESP32. Yet, even if not entirely successful, the results
enabled many different analysis options. Some of these
are now presented.

Temperature and illuminance
In the same experiment, the temperature and illumination
measured by the two sensor nodes were compared. By
looking at Figure 5, one can see that most measurements
of the ESP32 based node are above the ones from the
ESP8266 based node. This result is not surprising, as the
windowsill on which the ESP32 was placed faced roughly
south, whereas the ESP8266s windowsill faced roughly
north. As a consequence, the ESP8266 node received
more sunlight in the early hours of the day, but shortly
before noon, until the later afternoon, the ESP32 received
up to five times the amount of sunlight. The combination
of the temperature and the illuminance shows that the tem-
perature is directly related to the sun. If this experiment
had been conducted in the winter months, it would have
probably looked different. In addition, it can be seen that
the coldest part of the day prevails just before sunrise. An
excellent example of this behavior is the beginning of day
4. The temperature continuously decreases until around 5
AM before going back up with the rising sun.

Temperature and humidity
As already mentioned in the experimental setup, each node
was equipped with a BME280 and a DHT11 sensor, which
makes a comparison of the temperature and air humidity
values possible. Figure 6 shows the results of measuring
the same quantity with the different sensors. On the first
look, the deviation between both sensors is not high. How-
ever, by additionally calculating the absolute difference
between both, the picture changes slightly. Especially the
ESP32-nodes measurements in the warm and sunny hours
around noon reached a difference of up to 14 degrees. In
comparison, the ESP8266-nodes measurements in a shady
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Figure 4: Results of the voltage measurement.

Figure 5: Results of the temperature and illuminance measurement.

location only differed by some minor degrees.

Compared to the temperature values, the humidity mea-
surements seem to have a nearly constant difference of
approximately 5% - 10% depending on the nodes location.
In combination with the daytime, one can see that the
humidity is highest in the night and lowest around noon.
Furthermore, a high sun intensity lets the humidity drop
significantly, which can be seen around noon on day two.
At the end of the experiment, the DHT11 on the ESP8266
was artificially exposed to higher humidity and the mea-
surement data reflects this (the node reached almost 100
percent humidity).

Conclusion
In this work, microcontrollers were evaluated as devices
for monitoring applications. These microcontrollers were
compared to single-board computers by conducting hard-
ware benchmark tests. Moreover, a wireless sensor node
system was proposed and implemented. Two sensor nodes
based on different microcontrollers were used to obtain
temperature, humidity and illuminance data for a small
experiment.
In general, microcontrollers have proven to be an alterna-
tive of single-board computers for monitoring purposes.
Although they are available at low prices, they provide
a variety of interfaces via their pins, which makes the
attachment of several types of sensors possible. In addi-
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Figure 6: Results of the temperature and humidity measurement.

tion, microcontrollers have lower power consumption than
single-board computers and, as a result, are more energy-
efficient.
However, from a programming perspective, everything is
closer to the actual hardware than in the regular operating
system environments of single-board computers. But the
hardware is often wrapped in some layers of abstraction
offering unified access to resources of different devices. In
contrast, within a microcontroller environment, solutions
are mostly coupled to a specific chip or configuration.
Sometimes connections on the microcontrollers have to
even be hard-wired to become functional. Additionally,
available resources, like time and memory, need to be
considered more carefully, as some microcontrollers have
such limited memory that more extensive libraries could
not be used.
The focus of further research should be the lowest possible
power consumption. As the experiments have shown, up

to 500mA of current is required for data transmission via
WiFi, which is too much for an extended battery-powered
operation. Alternative wireless transmission technologies,
such as ZigBee, and a minimized printed circuit board
(PCB), may further reduce power consumption. Further-
more, battery recharging via solar panels for an outdoor
use case will be considered. In addition, it should be pos-
sible to connect sensors that are neither purely analog nor
utilizing the I2C bus.
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Abstract 

At the moment, the most extensive database for 

thermal comfort studies is ASHRAE Global Thermal 

Comfort Database II. It is a valuable data compilation 

of data from past surveys that formed the current 

adaptive comfort model. However, comfort research 

discovered the importance of new indices since then; 

1. The temporal component of thermal sensation, and 

2. Biosignal data correlated to thermal physiology. 

There are already several studies focusing on one or 

both indices and in the near future, the data production 

will speed up incrementally. This paper investigates 

the current database and suggests a framework to 

update it to include new approaches. 

Introduction 

Quantifying thermal comfort is a difficult task since 

the concept of “comfort” is not the most tangible. The 

static heat-balance model that was derived from 

Fanger’s climate-chamber experiments in the 70s 

(Fanger, 1970) and later on the structured surveys and 

questionnaires conducted to establish the adaptive 

comfort model in the 90s (de Dear & Brager, 1998; 

Humphreys & Nicol, 1998) were solid efforts towards 

that goal.  

However, both methods have had their fair share of 

criticism (Halawa & Van Hoof, 2012) since the 

performance gap was still not fully addressed, as well 

as the percentage of people dissatisfied was still 

relatively high (Li et al., 2020). In pursuit of bettering 

the comfort models, the last decade of studies have 

seen a shift towards a more dynamic understanding of 

comfort (van Marken Lichtenbelt et al., 2017; Vellei et 

al., 2021), where the missing parameter of “time” has 

shown itself to be relevant as not to be ignored, and 

new indices to include the temporal aspect of comfort 

are being investigated.  

In more recent practices, researchers include the time 

component by collecting the survey data from 

occupants on a periodical basis with the use of using 

tablets, apps, and gamification projects. The resulting 

time-series datasets reveal that concepts like duration 

of exposure to a certain environmental condition (Ryu 

et al., 2019; Zhang et al., 2016), recent thermal history, 

thermal alliesthesia (Thomas Parkinson et al., 2016) 

are considerably relevant as well as some of the 

parameters that are already in consideration in the 

comfort models. 

Another focus for the researchers that have also been 

a critical point of survey data, the potential 

psychological bias (Yetton et al., 2019), has found a 

response in the form of turning to the physiological 

domain. This has been possible in comfort research 

with the advancement in medical-grade reliable and 

wearable sensors. With the availability of these 

devices, several researchers have gone in the direction 

of collecting physiological data, to find correlations 

between psychologically driven responses and 

physiological requirements. Several publications have 

already attempted to create models to correlate 

biosignal data to survey responses (Kobas, Koth, 

Nkurikiyeyezu, et al., 2021; Lu et al., 2019; 

Nkurikiyeyezu et al., 2018; Wang et al., 2019).   

As a principle, the data collection in thermal comfort-

related studies includes data from the following 

domains: 1. Environmental data (temperature, 

humidity, air velocity, etc.);  

2. Building/Boundary conditions data (ventilation 

mode, adaptive controls available);  

3. Subjective feedback data (adaptive comfort 

questionnaires on satisfaction and preference);  

4. Behavioral data (opening/closing the windows, 

blinds, any type of personal climatisation tools, 

clothing, etc.); and more recently,  

5. Physiological data (demographic data, skin 

temperature, heart rate, respiration, sweating, neural 

activity, etc.). 

The ASHRAE Global Thermal Comfort Database II, 

currently the most advanced database that comfort 

researchers have open access to, compiles the data 

from field surveys that have formed the adaptive 

comfort model. However, the database structure as it 

is, is not suitable to include these recent approaches, 

particularly the temporal aspect. 

This paper intends to look into the existing database 

and suggest ways of expanding it to include datasets 

that are derived from the two aforementioned research 

focuses; 1. temporal component of thermal sensation, 

comfort and preference, and 2. biosignal data that is 

correlated to thermal physiology. 

Existing thermal comfort database 

The ASHRAE Global Thermal Comfort Database I, 

created in 98 by Richard de Dear, was the first global-

scale attempt at thermal comfort data collection (de 

Dear, 1998). The first version of the database included 

survey results from 52 unique studies from 160 

buildings which were collected between the years 

1982 and 1997. The resulting adaptive comfort model 

based on this dataset had become part of the ASHRAE 

standard in 2004 (Földváry Ličina et al., 2018).  
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The second version of the database was established 20 

years after, in 2018, by the Center for the Built 

Environment at UC Berkeley and the University of 

Sydney’s Indoor Environmental Quality Laboratory. At 

the time of the publication, database II had 107,583 rows 

of data; of which, one row corresponds to one survey 

answer from one person, at the time. In total, it consists of 

22,000 unique surveys (Center for the Built Environment 

(UC Berkeley), 2022).  

Table 1 illustrates the data structure in the current 

database, together with the percentages of each data type 

that is entered (Data downloaded from ASHRAE Global 

Thermal Comfort Database II Query Tool (Tom 

Parkinson et al., 2022)).  

 
Table 1. ASHRAE Database 2 entries  

 

Data category Data Options % 

entered 

Metadata Publication   98.46% 

Metadata Contributor  100.00% 

Metadata Year  99.77% 

Metadata Season Winter, 

spring, 

summer or 

autumn 

99.78% 

Metadata Climate  100.00% 

Metadata City  99.99% 

Metadata Country  100.00% 

Metadata Building type Classroom, 

Multifamily 

housing, 

Office, Senior 

Center, others 

96.10% 

Metadata Cooling 

strategy 

AC, 

Mechanically 

Ventilated, 

Mixed Mode,  

Naturally 

Ventilated 

98.86% 

Metadata Heating 

strategy 

Mechanical 

heating 

35.10% 

Demographic data Age  40.51% 

Demographic data Sex F/M 62.31% 

Demographic data Height cm 18.92% 

Demographic data Weight kg 22.92% 

Subjective feedback Thermal 

sensation 

-3 (cold) to +3 

(hot) 

97.09% 

Subjective feedback Thermal 

sensation 

acceptability 

0-

unacceptable, 

1-acceptable 

58.04% 

Subjective feedback Thermal 

preference 

cooler, no 

changes, 

warmer 

79.47% 

Subjective feedback Thermal 

comfort 

1-very 

uncomfortable 

to 6-very 

comfortable 

33.77% 

Subjective feedback Air 

movement 

acceptability 

0-

unacceptable, 

1-acceptable 

15.19% 

Subjective feedback Air 

movement 

preference 

less, no 

change, more 

40.32% 

Subjective feedback Humidity 

preference 

drier, no 

change, more 

humid 

11.38% 

Subjective feedback Humidity 

sensation 

3-very dry to -

3-very humid 

11.66% 

Comfort indices PMV  62.03% 

Comfort indices PPD  62.03% 

Comfort indices SET  61.83% 

Environmental data Clo  92.64% 

Environmental data Met  84.05% 

Environmental data activity_10 Met 10 mins 

ago 

8.19% 

Environmental data activity_20  9.02% 

Environmental data acitivity_30  8.14% 

Environmental data activity_60  8.92% 

Environmental data Air 

temperature  

°C/°F 92.87% 

Environmental data Ta_h 1.1 m above 

the floor 

26.05% 

Environmental data Ta_m 0.6 m above 

the floor 

28.95% 

Environmental data Ta_l 0.1 m above 

the floor 

9.71% 

Environmental data Operative 

temperature  

°C/°F 35.29% 

Environmental data Radiant 

temperature  

°C/°F 30.18% 

Environmental data Globe 

temperature  

°C/°F 24.17% 

Environmental data Tg_h °C/°F 49.27% 

Environmental data Tg_m  °C/°F 24.06% 

Environmental data Tg_l °C/°F 21.61% 

Environmental data Relative 

humidity 

% 90.87% 

Environmental data Air velocity  m/s 83.56% 

Environmental data Velocity_h  m/s 20.43% 

Environmental data Velocity_m  m/s 26.32% 

Environmental data Velocity_l  m/s 9.53% 

Environmental data Outdoor 

monthly air 

temperature  

Monthly 

average 

73.75% 

Environmental 

control/Behaviour 

Blind/Curtain 0-open, 1-

closed 

5.33% 

Environmental 

control/Behaviour 

Fan 0-off, 1-on 12.26% 

Environmental 

control/Behaviour 

Window 0-open, 1-

closed 

20.52% 

Environmental 

control/Behaviour 

Door 0-open, 1-

closed 

10.35% 

Environmental 

control/Behaviour 

Heater 0-off, 1-on 7.75% 
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Each row consisting of these 51 variables corresponds to 

a unique occupant’s thermal sensation, comfort and 

preference under certain environmental conditions and 

adaptive measures, at the time of the measurement and 

survey-taking. However, as can be seen from the list, the 

two time factors have an incredibly low resolution 

(seasons and years), and there seems to be no way to track 

if the rows of data are consecutive responses from the 

same person, whether under static or dynamic 

environmental conditions.  

The lack of continuity becomes further curious since the 

first version of the database included time and date data, 

as well as unique identifiers for both the buildings and the 

subjects (Sydney School of Architecture Design and 

Planning, 2022). Figure 1 shows a screenshot of the 

datasets from the first database. 

Towards Thermal Comfort Database III  

Including time data 

As previously discussed, one of the main changes 

proposed is approaching comfort data in a time-series 

database.  

It needs to be understood that although the database is 

new, the data is not. The median year of the entire data is 

2003 ± 8; min and max being 1979 and 2018. This 

fundamentally changes the resolution of the data: The last 

10 years, in particular, have seen increasing ease, 

affordability and availability in climate sensors with 

continuous logging and large internal memory/fast cloud 

connection, mobile devices with user-friendly UX to 

conduct surveys, apps that can be pre-timed for periodical 

questioning, wearable or non-intrusive sensors to detect 

physiological signals in real-time with very high temporal 

resolution (see Figure 2 and 3). 

 

As mentioned in the Introduction, the comfort studies 

combine different data domains; from the climate, 

perceived comfort (subjective feedback), adaptive 

behaviour, and physiological responses. The native or 

preferred temporal resolution for each data type varies.  

In most studies, climate data is stored per minute. 

Adaptive behaviour data usually match the climate data. 

Obviously, it is not feasible to acquire the subjective data 

on a minute basis: The frequency of repeated surveys 

usually varies based on the length of the study, from 15 

minutes to per hour, or in the case of event-related 

experimental setups, before/during and/or after the event. 

However, the physiological data’s native resolution is 

much higher than all of the above. 

To be flexible enough to match the variety, the authors 

found using UNIX timecodes between the exact start and 

end times of each data acquisition session, on a 

millisecond scale. However, the problems that arose 

regarding the high resolution will be discussed in the 

following chapters. 

Figure 1: A screenshot from the dataset (partial image) of de Dear and Fountain’s 1994 study. Day information is included and 

“Time” column shows minute-scale data (de Dear & Fountain, 1994). 

Figure 2: Mobile measurement cart that was used for indoor 

climatic data acquisition in 94 (de Dear & Fountain, 1994) 
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Improving demographic data 

As previously mentioned, the current database has 

107,583 rows of data, of which corresponds to a thermal 

sensation, comfort and/or preference response by one 

person at a given moment. There is no way of knowing 

exactly how many test subjects comprise this data, 

however, considering there were 22,000 unique surveys 

may give an indication.  

Had this been a longitudinal study, or a time-series 

database, this data would equal the following with a 

hypothetical calculation: 

Considering there would be a repeated questionnaire and 

data collection every 30 minutes, 107,583 data points 

would cover 3,227,490 person*minutes, which makes 

53,791 person*hours. Taking 1 day as 7 hours, 53,791 

person*hours equal to 7684 person*workdays. Assuming 

that the data collection would be for one full week in each 

season, meaning each person would contribute 4 * 5 = 20 

days, a total of 384 people would be involved in the 

making of this dataset.  

By that account, assuming ideally proportional subject 

recruitment, 188 of these subjects would be male, 188 

would be female and 8 would be intersex. Further 

distribution by age groups would even downsize the 

population size in each category.  

 

 

At the moment the demographic data included in the 

dataset comprise age, sex, height and weight. However, 

only 60.86% of the dataset includes sex data, 38.62% 

includes age, and subjects’ height and weight data are 

17.34% and 21.33% respectively.  

While the impact of age and sex on comfort perception 

has been known to researchers, further demographic 

components have been understudied so far. The 

physiological identifiers have been limited to binary sex 

options and BMI and BSA indicators.  

Since the studies have extended to cover thermal 

physiology, a relevant subject background may include 

the following; 

● Acute disorders, that alter thermoregulatory 

responses (a list can be found at (Cheshire, 

2016)), 

● Regular medication/Medication at the time of the 

experiment, that alters thermoregulatory 

responses (a list can be found at (Cheshire, 

2016)),  

● Disability/ies, since the majority of data is from 

able-bodied individuals, 

● Regular wake time and sleep time, since the 

person’s chronotype affects their thermal 

perception throughout the day (Kim et al., 2018; 

Kurz, 2008; Vieluf et al., 2021; Vldaček et al., 

1988). 

Figure 3. A more recent example for thermal comfort experiment setups. While the image is from a climate chamber (see SenseLab 

at (Kobas, Koth, & Auer, 2021)), both the climate and physiological sensors are mobile and can be applicable in real –world data 

collection projects. 
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Bringing back unique identifiers would also be beneficial 

to allow the comparability.  

Finally, with the increased amount of personal 

information including partial medical history, consent 

forms and ethical compliance documents become more 

important than ever. All necessary documents and forms 

should be acquired by the research team, and their 

existence could be noted in the database. 

Including physiological data 

The final improvement suggested is the inclusion of 

physiological data, matched with the survey data. This 

layer of data is maybe the most recent in current comfort 

research practices, however not equally unknown to other 

disciplines. Biomedical engineering and signal processing 

have focused on the use of biosignals, in our context used 

synonymously with physiological data since the 19th 

century. The transfer of the use of this data, however, had 

been transferred to the building physics domain especially 

in the last decade, mostly thanks to the availability of 

wearable sensors matching medical benchmarks.  

A previous literature review by the authors looked into 

publications using this approach and listed the most 

relevant biosignals (Persiani et al., 2021). The findings 

suggested the following: 

 

1. Brain function (EEG) 

2. Heart 

1. Electrocardiogram (ECG) 

2. Heart rate (HR) 

3. Heart rate variability (HRV) 

4. Blood volume pressure (BVP) 

3. Skin 

1. Skin temperature  

2. Infrared imaging 

3. Electrodermal activity (EDA) 

4. Internal 

1. Core temperature 

2. Rectal temperature 

3. Cortisol concentration 

5. Lungs 

1. Respiration and breath rate 

2. Respiration amplitude 

6. Eyes 

1. Pupil activity 

2. Eye activity 

3. Electrooculogram (EOG) 

7. Auxillary 

1. Voice/Speech analysis 

2. Facial cues 

3. Posture analysis 

 

This extensive list however has a long way to be fully 

incorporated into comfort research, while it is still not 

fully clear how important some of these biosignals are for 

thermal physiology models.  

Current research has seem to be focusing on the first four 

groups, since they are more critical in the central nervous 

system of the body and especially for heart and skin-

related data, as well as core temperature, the sensing 

technology has become quite non-intrusive so that the 

subjects can be examined for prolonged amounts of times 

while not creating major bias.  

The preferred sampling resolutions of each biosignal are 

different from one another; however, mostly they are on a 

millisecond scale. For example, a medical-grade Biopac 

data acquisition device can support EDA sampling up to 

100,000 samples per second (Braithwaite et al., 2015). A 

wearable wristband device, Empatica E4, has a sampling 

rate of 4 Hz for EDA. While 4 data points per second seem 

to be an overshoot, for arousal analysis this is found to be 

not sufficient enough (Borrego et al., 2019).  This makes 

finding the correct temporal resolution that would work 

for environmental, subjective feedback, adaptive 

behaviour and physiological data a task that needs further 

investigation. In a recent study from 2020, Tartarini & 

Schiavon look into a fitting sampling frequency for skin 

temperature, and suggest 300s to be accurate enough 

(Tartarini & Schiavon, 2020). Similar sensitivity analyses 

for other biosignals and in combination with each other 

would be highly beneficial. 

In addition to the multiplied number of rows the 

physiological datasets would bring, they also come with 

extracted features, resulting in more columns as well. For 

example, cardiovascular data has different features, 

classified as time-domain, frequency-domain, and non-

linear measures. It poses another further research topic as 

to whether the none time-domain indices can or should be 

integrated into the database. Either way, the below table 

shows the 9 widely used time-domain features of HRV 

data. Together with others, heart-related data features can 

create up to 30 additional columns. 

 
Table 2. Time-domain HRV features (Shaffer & Ginsberg, 

2017) 

 

Parameter Unit Description 

SDNN ms Standard dev. of NN intervals 

SDRR ms Standard dev. of RR intervals 

SDANN ms Standard deviation of the average NN 

intervals for each 5 min segment of a 

24 h HRV recording 

SDNN 

index 

(SDNNI) 

ms Mean of the standard deviations of all 

the NN intervals for each 5 min 

segment of a 24 h HRV recording 

pNN50 % Percentage of successive RR intervals 

that differ by <50 ms 

HR 

Max − HR 

Min 

bpm Ave. difference between the highest 

and lowest heart rates during each 

respiratory cycle 

RMSSD ms Root mean sq. of successive RR 

interval differences 

HRV 

triangular 

index 

 Integral of the density of the RR 

interval histogram divided by its 

height 

TINN ms Baseline width of the RR interval 

histogram 
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Similarly, EEG signal also has time-domain features that 

can be integrated into the time-series database, 

particularly the amplitude and power concentrated at the 

delta (0–4 Hz), theta (4–8 Hz), alpha (8–16 Hz), beta (16–

32 Hz), and gamma (32–50 Hz) bands. However one must 

keep in mind that depending on the number of electrodes 

used, the number of columns would uniformly multiply. 

A medical-grade study might include 256 channels, while 

wearable EEG sets may go down to 4. This means for each 

electrode there will be another column showing the 

amplitude and/or power of relevant bands. Figure 4 shows 

an example diagram. 

 

 

Figure 4. A. The placement of EEG electrodes; B. Timeseries 

from one electrode (Lainscsek et al., 2013) 

 

A sensitivity study suggests for a reliable signal with a 

non-intrusive EEG cap, 35 electrodes is a good number 

(Lau et al., 2012), which still looks very high in the 

context of the larger dataset in mind.  

Currently there are wearable headset-type EEG sets 

available at affordable prices for researchers, with 

acceptable accuracy (Williams et al., 2021). With that in 

mind, it would make sense to prepare for relevant 

infrastructure for either the next, or the following version 

of the database. 

Including sensor and experiment design description 

The inclusion of several sensors in the data collection 

processes also brings the necessity for a better description 

of the boundary conditions. This includes information 

about the sensors, including but not limited to their;  

● Types: ie. for skin temperature, contact electrode, 

thermocouple, infrared, etc. 

● Brand and models: to determine certain 

information automatically. Additionally, 

especially with biosignal data sensors 

comparative performance and accuracy studies 

are currently ongoing (Kutt et al., 2018; van Lier 

et al., 2020). Therefore it is relevant for future 

studies to state the brand and make of the sensors 

that were used. 

● Ranges,  

● Accuracy,  

● Resolution,  

● Sampling rate. 

Finally, the placement of the sensors also should be stated. 

In the current database, this option exists for several 

environmental parameters with different height options, 

and it should be extended to the physiological data, in 

terms of body parts of the sensor placement. 

Potential problems and setbacks 

Database volume 

Previously it was explained that 107,583 rows of data, if 

it were time-series, would be equal to 7642 

person*workdays.  

Another calculation from the reverse direction can 

hypothesize an acceptable lower resolution sampling 

period of 1 minute, for an entire 7-hour workday. This 

means one day*person now equals 420 rows, instead of 

one. Together with this, it is plausible to assume that data 

collection periods will easily be much longer, considering 

the ease of it.  

An example from a recent work recorded climate and 

connected biosignal data from 5 participants, over 35 

hours per subject (Kobas, Koth, Nkurikiyeyezu, et al., 

2021). The resolution of environmental and behavioural 

data was matched to EDA data, sampled at 4 Hz. In the 

end, each participant’s dataset grew to almost half a 

million rows of data for only 35 hours. The total dataset 

was 284MB – which may not seem much by itself, 

however, when compared to the size of the entire 

ASHRAE dataset, which is 54MB, it becomes clear how 

quickly data can grow. Furthermore, the example above 

has already been downsampled. When dealing with native 

resolutions, high-resolution devices such as EEGs would 

produce significantly more data. Existing open-access 

EEG datasets from neurological/psychological research 

show the data from a few sessions can go up to gigabytes 

easily (see various datasets available at Open Neuro 

(Stanford Center for Reproducible Neuroscience, 2022)). 

Potentially, prior to the integration of biosignals data into 

the main database, a downsampling and statistical 
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averaging might be necessary to manage the database 

volume. 

Keeping the higher resolution and longer data collection 

periods, it is inevitable that the database volume will grow 

large rapidly. To keep the database feasible to operate and 

maintain, in addition to finding the optimum time 

resolution, the database architecture should be carefully 

designed as well. 

Lack of standardised data collection and sharing 

formats 

While introducing why and how the physiological data 

should be integrated, some potential problems alongside 

the suggestions were already mentioned. The overall 

setback regarding this integration is mostly due to its 

novelty of it, which requires more experience in the field 

and further research. However, at this point, a 

standardisation effort for the data collection/experimental 

design methodology could be a useful stepping-stone, as 

the methodology then can evolve over time with the 

feedback from new applications.  

Conclusions 

Creating an open-source, global database covering the 

works of tens of researchers has been an incredible shift 

in the field of thermal comfort studies. The database 

contributed greatly to forming the adaptive comfort 

model, however, in recent years there has been a wide 

body of research pointing at developing the model 

towards a more dynamic setting. With this new approach, 

two new indices have become important in comfort 

experiments, the first one being time, and the second the 

physiological data. The paper aimed to look into the 

current structure of the dataset, and keeping it as a basis, 

suggested ways of improving it in order to encapsulate the 

new parameters.  
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Abstract 
Implementing and integrating new technologies such as 
the Internet of Things (IoT), smart sensors, and 
information and communication technology (ICT) into 
building facilities generates a large amount of data that 
will be utilized to better manage building facilities 
specifically FCU. Automated fault detection and 
diagnostics(AFDD) systems assist facility managers in 
informing operators to perform scheduled maintenance 
and visualizing facility anomalies on building information 
models (BIM). This study proposes a AFDD system for 
FCU system using an IoT sensors and by visualizing 
faults in a BIM model. The proposed system shows the 
data management and anomaly detection and monitoring 
technique on the BIM. The experiment results 
demonstrated the framework's competence to detect 
anomalies in the FCU system. Furthermore, data collected 
from various simulated conditions of the building 
facilities was utilized to monitor and detect anomalies in 
the 3D model of the fan coil. The automated detection 
FCU anomalies on the BIM model and preliminary results 
of the system are demonstrated. 

Introduction 
Recent technological advances such as Internet of Things 
(IoT) Platforms, Big Data Management, and new 
approaches of AFDD systems, are enabling novel 
possibilities in terms of cognitive and decision-making 
processes relevant to building facility management 
(Pourarian et al., 2017). 
FMs rely on real-time reliable data to perform 
maintenance operations and present accurate information 
to senior managers (Matarneh  et al., 2019). However, 
building inspections, maintenance analysis, and data 
collection are time-consuming and labor-intensive 
(Naticchia et al., 2020). Furthermore, building 
maintenance budgets and resources are limited, and 
maintenance personnel complain that their budgets and 
resources are insufficient and fall short of their needs 
(Zhan et al., 2019). This trade-off has an impact on the 
quality and relevancy of maintenance operations and 
inspections, resulting in insufficient facility maintenance 
and quality management policies (Pitt et al., 1997). By 
generating real-time building facility data, the dynamical 
monitoring platform provides enhanced HVAC operation, 
controls, and AFDD procedures. Faulty HVAC system 
operation can be caused by component degradation, 
failure, or incorrect control methods, resulting in wasted 
energy and poor thermal comfort for building occupants. 
However, establishing AFDD techniques utilizing real 
building data requires the implementation of faults in 
these buildings, which is sometimes difficult. 

Recent studies in the area of AFDD of FCU provided by 
authors ( Zhao et al., 2019), (Kim et al., 2018), 
(Schwabacher et al., 2007), (Katipamula et al., 2001) 
demonstrate that statistical bands, including the control 
chart approach, pattern recognition techniques, and 
hypothesis testing on physical models, are typically used 
to detect faults (Villa et al., 2021). To isolate defects, 
information flow charts, expert systems, semantic 
networks, machine learning approaches (Villa et al., 
2022), and parameter estimate methods are often applied. 
To assess faults, heuristic criteria and probabilistic 
methodologies are applied. Based on the study, a number 
of AFDD products, including software and hardware, 
have been developed (Aliev et al., 2021). However, 
properly analyzing various AFDD technologies and 
products is a difficult task that is highly valued by experts 
in this field. 
Furthermore, there are relatively few AFDD design and 
assessment tools available for other common secondary 
systems of HVAC, such as FCU. There are also very few 
experimental data sets available for the development of 
these technologies. FCUs are simple and low-cost systems 
that are widely employed in commercial, institutional, 
industrial and residential buildings. 
Authors of (Chu et al., 2005) and (Ke et al., 2007) propose 
fuzzy logic control to analyze a certain type faults of 
FCUs, but no prior publication addresses the dynamic 
fault detection system of FCUs, particularly when failures 
occur. 
A FCU is composed of a fan and at least one air-water 
heat exchanger coil that heats or cools the airflow. Hot or 
cold water is pumped through the FCU coil to add or 
remove heat from the airstream released into the space by 
the fan to condition the space. The amount of heating or 
cooling is mainly controlled by regulating the water flow 
and partially by adjusting the fan speed. FCUs can be 
mounted horizontally or vertically. In addition, there are 
two separate arrangements on the water side. A two-pipe 
FCU has one supply pipe that delivers hot or cold water 
to the coil depending on the season, and one return pipe. 
FCUs with four pipes have two supply pipes and two 
return pipes. This enables both hot and cold water to enter 
the unit at the same time. The four-pipe fan coil unit is the 
most widely utilized since it is often essential to heat and 
cool different areas of a building at the same time due to 
variances in internal heat loss and heat gain (Golestan et 
al., 1996). The imbalanced condition of the FCU motors 
produces noise (acoustic discomfort), and motor 
vibrations might influence the comfortability of the room. 
Furthermore, continuous vibrations can cause unexpected 
FCU failures. As a result, the imbalanced conditions of 
the FCU motors must be monitored dynamically in order 
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to prevent further failures, particularly inside the hotel 
rooms and offices, but not necessarily in crowded bars. 
The noise produced by imbalanced conditions has no 
effect on heating performance, but it does have an impact 
on indoor comfortability. 
The proposed AFDD system and monitoring in BIM 
model fills a gap in maintenance processes by supporting 
FM teams in taking early action and preventing 
unanticipated failures without the need for expensive 
lengthy inspection of the installations. The proposed 
AFDD methodology is made up of three major parts: an 
IoT architecture for collecting real-time data from the 
building; an AFDD algorithm and methodology for 
analyzing the data and supporting the maintenance 
activity; and a BIM for providing a virtual representation 
of the building and visualizing the maintenance activity. 

Methodology 
FCU systems are commonly used to heat and cool rooms 
particularly in office buildings, hospitals, and schools. In 
the proposed anomaly monitoring and detection 
methodology, sensors are installed in the various 
components of the FCU in order to monitor its operation. 
The selection of which elements to monitor is based on 
the detection of anomalies in collected data. The most 
typical FCU system anomalies include a blocked motor, 
inadequate air flow, filthy filters, capacitor failure, 
insufficient water flow, and so on. Each of these 
anomalies requires a certain action. Operators must do 
maintenance tasks such as cleaning the filter and battery, 
changing bearings, replacing capacitors, and checking 
valve adjustment and the presence of pipe particles. As a 
result, an FC condition monitoring system is created 
based on the sorts of anomalies and data acquired by 
sensors. Furthermore, centralized collected data may be 
utilized to notify facility managers about the condition of 
any FCU and, if necessary, perform preventative 
maintenance services. 
The framework of the automated  anomaly prediction 
system for building facilities specifically FCU is depicted 
in Figure 1. The framework composed of several 
interconnected sections. On the framework, the building 

facility FCU a model FC83M-2014/1 is utilized and is 
equipped with sensors and sensor board RPIZCT4V3T2 
that is communicated with the local server through 
TCP/IP, acquiring and storing important data for anomaly 
detection model. Node-Red is installed on the sensor 
board to provide access to the sensors' variables through 
serial protocols and display them on its own local 
dashboard. The RPIZCT4V3T2 board's MQTT protocol 
flow is in charge of sending (Publishing) a message to the 
cloud server, which will operate as a receiver (Subscriber) 
through the Message Queue Telemetry Transport 
(MQTT) protocol. The MQTT protocol is an OASIS 
standard for IoT messaging. It is intended to be a very 
lightweight publish/subscribe message transport for 
connecting remote devices with a minimal code footprint 
and low network bandwidth (Hue et al., 2021). 
Afterwards, acquired data has been preprocessed to 
extract significant information from a dataset and 
transferred to check unblanaced condition of the FCU. 
Unbalanced condition of the FCU are detected using 
developed models on the software and hardware level. 
The application layer of the framework shows sensor data 
and detected model results, as well as integrating the BIM 
model, to enable facility managers and operators to 
perform on-time building facility maintenance.  
The proposed framework allows the maintenance 
department to receive anomaly alerts and remotely 
monitor the position of building facilities through the 
customized interface. 
The subsection which follows describes the experimental 
setup for collecting data from FC as well as how to 
organize acquired data for passing to anomalies detection 
model. 

Case study 
The experiment was carried out at the Politecnico di 
Torino's DIGEP laboratory to demonstrate the 
framework's applicability. The experimental laboratory is 
located in the basement of the building. The heating, 
ventilation, and air conditioning (HVAC) system includes 
the fan coil unit (FCU). It is considered an essential 
building facility since it combines a coil and a fan to heat 
or cool the building's rooms. FC83M - 2014/1 FC with 

Figure 1: Experimental case study framework  
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four speeds was used for this experiment. The FC's motor 
operates at 1100 RPM in an anti-clockwise motion. FC 
also includes a cooling and heating batteries, as well as 
filters that must be maintained on a regular basis. In order 
to monitor and detect anomalies of the FCU sensors listed 
in Table 1 is mounted on the FCU.  

Table 1: List of sensors mounted on the FCU 

Sensor name Vari
able  

Operating 
Range  

Acc.  Unit  Sensor 
allocati

on 
Current 

SCT-013-000  
i1, 
i2, 
i3 

0-100A ±3 A Motor 
current  

Voltage 
77DE-06-09 

v1, 
v2, 
v3 

0-230 
(50Hz) 

±5 V motor 
voltage 

Temperature 
DS18B20 

T1 0°– 90°C ±0.5 °C Deliver
y pipe  

Temperature 
DS18B20 

T2 0°– 90°C ±0.5 °C Return 
pipe 

Temperature 
DS18B20 

T3 0°– 90°C ±0.5 °C Air 
intake  

Temperature 
DS18B20 

T4 0°– 90°C ±0.5 °C Air 
outlet  

Temperature 
RTD(PT100) 

T5 -200°- 
550°C 

±0.0
5 

°C Motor 
case 

 
Temperature sensors T1, T2, and T4 on the FCU monitor 
the temperature of the deliver and return pipes, as well as 
the air intake condition temperature, which should be 
between 0° and 90° C. T3 is in charge of monitoring the 
air temperature in the 0°– 50°C range, whereas T5 is 
attached to the motor casing and measures in the 0°– 
200°C range. Figure 2 shows voltage, current and 
temperature sensors attached to the FCU to monitor the 
motor's operation at three speeds. 
 

 
Figure 2:  Positioning of sensors on the FC. 
 
Figure 3 depicts anomaly detection algorithm and alert 
system implemented on the RPIZCT4V3T2 sensor board. 
The maintenance alerting system is divided into following 
parts: sensors installed on the FC, a management and 
monitoring system for the FC components, and an 
alarming system that warns FMs or end-users when an 
anomaly occurs. Simultaneously, sensor data and detected 
anomalies of the FCU visualizes on the BIM. 
The temperatures of the delivery pipe, return pipe, air 
inlet, and air outlet components on the RPIZCT4V3T2 
board are monitored every 30 minutes by sending average 
values when the voltage is at least 200 V, while the current 

and temperature of the motor must be monitored every 10 
seconds and sent to the server as average values every 30 
minutes. 

 
Figure 3: Implemented anomaly detection algorithm and alert 
system. 
 
The focus of this alarming system is to monitor FCU 
motor impeller that is the voltage between 0 and 200 V. 
For this reason, the motor voltage must be checked more 
often, and the sensor board must send average readings to 
the server every time when the FCU is started or changed 
the speed. On the proposed anomaly detection system, 
electric power (current) must be monitored in the first 10 
seconds when the voltage exceeds 200V. The supplied 
measure ranges are implemented on the RPIZCT4V3T2 
board using Node-Red flows functions. To acquire 
building facility sensor data in real time via WiFi to a 
PostgreSQL database, a customized node-red flow 
function is developed.  
To illustrate the system's reliability, the following 
experiments were carried out: the first was to gather 
balanced (normal) conditional data from the FC motor, 
and the second was to create an imbalanced scenario by 
adding 15g of mass to one of the FC motor's blades. The 
experiment was repeated three times, each at a different 
speed. Throughout the experiment, all relevant raw data 
was collected and stored to a database for later analysis. 
The detected anomaly results, such as balanced and 
unbalanced FC situations, are displayed on the 
construction's BIM model. The next section introduces the 
findings of the experiment and building facility sensor 
data results integrated into the BIM model. 

Results 
The FCU data shows both balanced and unbalanced 
conditions of the motor impeller. Figure 4 depicts the real 
power data of the motor impeller under balanced and 
unbalanced situations. 
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Figure 4: Balanced and unbalanced real power data. 
 
As illustrated in Figure 4, when an unbalanced condition 
occurs, the motor consumes a large amount of power, 
demonstrating the imbalanced condition that provides a 
threshold between balanced and unbalanced scenarios. 
According to the proposed monitoring algorithm, if the 
real power is within the threshold, the motor impeller is 
balanced; otherwise, the motor is imbalanced. 
For the proposed algorithm 10 seconds is enough to check 
the impeller because high power consumption 𝐼𝐼𝑢𝑢𝑢𝑢 > 𝐼𝐼𝑢𝑢 
occures when the impeller starts to rotate as explained in 
Figure 5.  

 
Figure 5: FCU impeller balanced and unbalanced condition.  
 
Thus, the difference between 𝐼𝐼𝑢𝑢𝑢𝑢 and 𝐼𝐼𝑢𝑢 identifies the 
threshold where occures imbalanced condtions. In this 
case the threshold is ±2.4 for the balanced condition if the 
more than ±2.4 there is anomaly.  
Data acquired from the experiment used to demonstrate 
balanced and unbalanced conditions of the FCU motor 
impeller. To demostrate detected unbalanced condition it 
is enough to observe the first 10 seconds when the motor 
rotation is occurred. Since the data acquisition sampling 
frequency is 2 Hz, the first 10 seconds (20 sampling) data 
of balanced and imbalanced conditions are enough to 
demonstarte condition of the FCU as shown in Figure 6. 
In the Figure 6, detected unblanaced condition of the 
motor impeller is demonstrated and marked with red dots.  

 
Figure 6: FCU impeller balanced and unbalanced condition. 

 
Anomaly detected during the simulated experiment 
within the full acquired data is shown in Figure 7. 
 

 
Figure 7: FCU impeller balanced and unbalanced condition. 
 
Finally, the FCU condition results and sensors data are 
uploaded to the BIM using Autodesk Navisworks 
software by creating the PostgreSQL database using 
Data tools settings. Following detecting anomalies on the 
FCU, the system visualizes detected anomalies and 
sensor data on the BIM model as shown in Figure 9. 
When the anomaly is detected on the BIM model the fan 
coil becomes “red” color, otherways “grey”. 
 

 
Figure 8: Detected anomaly visualization on the BIM model.  
 

Conclusions  
This study describes an automated anomaly monitoring 
and detection methodology for FCU maintenance using 
IoT technology. The sensor node and wireless sensor 
network on the framework continuously send received 
data to the BIM model via the local servers at the set 
sample frequencies. The proposed fault detection method 
was implemented on the application layer and sends 
alarms to end users or managers when any anomaly 
happens in order for it to be efficiently repaired. BIM was 
used to visualize the monitored FCU condition. An 
experimental case study was utilized to assess the 
reliability and applicability of the proposed framework.  
In comparison to other approaches, such as anomaly 
detection using acceleration sensors or ultrasonic sensors, 
the presented current sensor data-based anomaly detection 
is more efficient and reliable.   
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The introduction of the FCU anomaly monitoring system 
into the BIM model would increase the building's 
maintenance plan by assisting facility managers in 
inspecting the monitored building environments inside the 
BIM model. As a result, facility managers may benefit 
from the proposed methodology to handle maintenance 
issues in the following areas: Facility managers may plan 
and schedule maintenance work in advance by using 
anomaly or failure signals from building facilities; 
conditional and real-time data from sensors allows for 
more accurate maintenance. IoT sensor data for building 
components within the BIM model makes maintenance 
work more convenient; for example, finding the location 
of the failure component in the real-time BIM model 
would be simple. 
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Abstract 

The technological evolution of the “Internet of Things” 
(IoT), after its deep innovation in the industrial 
automation field through the so-called Industry4.0 - the 
fourth industrial revolution driven by data - is going to 
deeply innovate also the entire supply chain of the 
construction sector, including construction sites. This 
paper aims at analyzing and presenting the 
communication technologies enabling the IoT paradigm 
in the construction sector supply chain. In particular, the 
analysis focuses on field level communication, i.e. 
solutions for integrating construction site equipment and 
sensors into the company information system. 

Introduction 
The use of solutions coming from the Information and 
Communication Technology (ICT) field, such as big data 
analytics (Xiong et al.,2015), cloud computing, sensors 
and communication (Tagliabue et al., 2020), in the 
construction management, can easily realize the 
digitalization of the construction site, becoming in all its 
aspects intelligent and digital. Intelligent sensors can be 
installed in the construction site. Some examples are: 
video data, dust level data, noise data, lift control, crane 
data, temperature and humidity data, RFID data and data 
generated by other sensors. Through these data, the site 
supervisor can make the right decision, in order to ensure 
safe construction and management of the site (Wang et al., 
2016). As far as the site management is concerned, the site 
monitoring and personnel supervision functions can be 
easily implemented through a digital construction 
paradigm. By means of data mining solutions, quality 
management and safety of the construction site are 
possible (Deraman et al., 2019), (Park et al., 2017). 
A practical example of construction site digitalization 
benefits is monitoring the progress of the construction 
site. Many construction projects are delayed due to many 
factors, including bad weather, material supply problems, 
but one of the main problems is human error. Operators 
can lose machining tools or skip some stages of the work. 
These errors or shortcomings should be detected as soon 
as possible in order to reduce the delay. But monitoring 
management and construction work become difficult 
because construction work can be spread over a very large 
area and involve several workers (Abd.Majid et al., 2004) 
(Bayrak et al., 2004). In order to monitor the progress of 
the works, the construction company sends the project 
manager to the construction site; the manager recodes any 
possible change on a paper sheet, tablet or PC and adds 

photos related to the construction site. Subsequently, the 
company can view the progress by checking the cards or 
photographs that have been sent. The most advanced 
companies monitoring work progress use the Building 
Information Modelling (BIM), an approach which 
involves the use of several tools, coordinated in a unique 
system that allows to view all the information about work 
progress. However, inserting information about work 
progress or any errors in construction are still manually 
carried out and detected (Bohn et al., 2010). Some recent 
research works (Bouzidi et al., 2012) proposed a semantic 
web approach to simplify compliance checking in a 
construction site, but the proposed approach has a limited 
impact on real construction sites. Remote cameras are 
essentially used to protect a construction site, but they can 
also be used to monitor the construction site progress: 
periodically captured videos visually identify the 
progress. However, the coverage of cameras is generally 
limited to small areas; to cover a very large construction 
site it is necessary to install many cameras, and this is not 
always possible. To overcome this problem, the use of 
drones equipped with high-quality video cameras (able of 
capturing videos of the entire construction site) are being 
studied. With high-quality videos, the project manager 
can remotely view the construction site and inspect the 
construction site progress. However, video images can 
only capture a large-scale progress. When, however, small 
changes or changes need to be monitored over a small 
area, using video footage is not enough. In this case it is 
necessary to rely on appropriate sensors capable of 
monitoring the construction site progress and the 
operations performed by the operators. The digitalization 
of the construction site allows, therefore, to easily create 
real-time monitoring systems of the construction site, 
integrating sensors in the BIM systems. A construction 
site becomes digital thanks to sensors, that are capable of 
acquiring data from the physical world and bringing this 
information into the virtual world. In the industry 4.0 
world, the union between a physical device and its 
electronic / IT counterpart is called Cyber-Physical 
System (CPS). Its digital counterpart, i.e. the data model 
associated with it, what information or services that object 
/ system can provide and how to interact with it (on a 
communication protocol level), is part of the Internet of 
Things ( IoT) paradigm. One of the main limits of a wide 
application of IoT technology to the construction site field 
is the lack of a proper communication infrastructure, able 
to provide connectivity to smart devices installed in the 
field. The papers aims at investigating communication 
technologies, with a specific focus on Low Power – Wide 
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Area Network (LP-WAN) technologies, such as LoRa, 
able to provide a low-cost solution to cover a wide range. 

Construction site digitalization: which are 
the enabling technologies 
In the following section, two of the technologies behind 
the success of industry 4.0 will be briefly introduced: 
cyber-physical systems (CPS) and Internet of Things 
(IoT). After a brief introduction, we’ll discuss the 
application of these technologies to construction sites 
(Figure 1). 

Cyber Physical Systems 

Cyber-Physical Systems (CPSs) are characterized as 
collaborative computational element systems that control 
physical entities (Griffor et al., 2017). A processing and 
communication core monitors, coordinates, controls, and 
integrates the operations of CPS, which are physical and 
engineering systems. By mixing processing and 
communication with physical processes, these systems 
enable physical systems to gain computational 
capabilities. The relationships between computational 
elements and physical elements are shown in Figure 2. 
CPS are widely used in different domains, such as the 
automation of electrical networks (Rinaldi et al., 2015) 
and industrial automation systems. 
CPS are intended to conduct time-sensitive functions that 
interact with their surroundings. As a result, they 
incorporate all the necessary components, including 
processing power, communication, sensing and actuation. 
The architecture of a CPS is designed to take into 
consideration CPS timing requirements: Software and 
hardware of a CPS are both aware of time. Timing 
requirements are known as Time Interval (TI) constraints 
in CPSs and they apply to any pair of critical system 
events. These TI limitations can be classified into three 
groups: 

1. "Fixed TI":  events requested from CPS, whose 
temporal behavior must be satisfied; 

2. "Deterministic TI": events requested from CPS 
with repeatable and precise times in relation to the 
time of the entire system; 

3. "Accurate TI": used to coordinate events in CPS 
distributed over a large area. 

 
 

CPS places a high value on temporal interactions with 
physical processes. This is especially true for CPS 
systems that have strict real-time requirements. In that 
case, an advanced programming model, like the one 
suggested by (Derler et al, 2013), capable of explicitly 
accounting for temporal dynamics in its model, is required 
for this class of CPS devices. 

Internet of Things: definition 

If CPSs represent the physical integration of electronics, 
IoT represents the cyber counterpart. The "Internet of 
Things" term has been exploited or misused in several 
sectors in the latest years. This term refers to a wide range 
of solutions that are in some way connected to the worlds 
of intercommunication and intelligent gadgets. Some of 
these solutions, such as (Carbone et al., 2013) (Depari et 
al., 2013), should more properly be referred to as 
"INTRAnet of Things", rather than the "INTERnet of 

Figure 2: The structure of a Cyber Physical System. 

Figure 1: An example of the application of IoT for the virtualization of construction sites. 
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Things" because they represent vertical domains with 
minimal or no interoperability. The Internet of Things 
Architecture (IoT-A) project (Bauer et al., 2012) aimed to 
promote greater interoperability across multiple platforms 
deployed in the same environment, both in terms of 
communication, service, and even knowledge. IoT-A 
project is composed by two mains parts: a Reference 
Model (RM) and a Reference Architecture (RA). The 
former provides for concepts and definitions required to 
build IoT architectures. The latter represents a reference 
for the design of compliant IoT architectures for specific 
applications. In the rest of the section, the Domain Model 
(DM) and the Functional Model (FM) of the RM will be 
briefly presented. 

Domain model 

DM defines the characteristics of an objects, such as name 
and identifier, in a generic IoT application, as well as their 
connections, a common language and taxonomy, in order 
to enable an easy data exchange between domains. A 
generic user must engage with an entity (perhaps distant) 
from the real world in a wide IoT scenario. A user can be 
a human or a digital artifact (such a software agent) that 
interacts with a Physical Entity (PE). A Virtual Entity 
(VE) is a synchronized representation of a collection of 
PE attributes that is used to represent PEs in the digital 
world. 
As a result, the devices are technical artifacts that connect 
PE's physical world to the Internet's digital realm. 
Monitoring, sensing, actuation, calculation, storage, and 
processing were all used to build this bridge. PE requires 
resources, which are software components that give data 
or allow PE to function. 
A VE can also be connected to resources that allow users 
to interact with the PE it represents. A service is a 
standardized, well-defined interface that has all of the 
functionality needed to connect with PE and its associated 
processes. The network and its associated protocols are 
used to communicate with the service. Thanks to these 
abstraction and modeling skills, IoT systems find wide 
application in different fields, such as industrial 
automation systems (Ferrari et al., 2018) and building 
automation systems (Rinaldi et al., 2019), all sectors 
where interoperability of systems is a key point. 

Functional model 

FM is an abstract approach to understand the primary 
functional groupings and their relationships in the IoT-A 
environment. FM is made up of distinct functional groups 
(FG) that are based on DM principles. The IoT Business 
Process Management adds capability to various IoT 
components, such as sensor data reliability and 
accountability, which delivers VE information. IoT 
services allow to access to the resources of sensors and 
actuators: this services can be discovered through 
physical world features of the VE level. To facilitate 
interactions between visual events, the relationship 
between IoT services and visual events must be 
characterized by associations. The FG Communication 

protocol allows data to be addressed and routed, 
bypassing limitations of hop-to-hop communication and 
permitting connections between various networks. 
Connection problems, traffic congestion and other forms 
of unexpected events are addressed by the FG 
Management. FG Security is in charge of ensuring that 
worldwide systems are safe and private. 

Available IoT transmission technologies for 
construction sites 
The concept of the Internet of Things (IoT) has the 
potential to change how we live and work (Sisinni et al., 
2018). Intelligent devices will be able to study their 
surroundings thanks to omnipresent connectivity, and vast 
data volumes will be uploaded to the cloud to feed deep 
learning algorithms. Each of these systems has different 
communication requirements, but some of them are 
common to all: low-power wireless access to the field 
devices and separation of data from their users. When it 
comes to communication systems, a first distinction must 
be made between transmission technologies, or the 
physical systems used to transmit information (e.g., Wi-
Fi, Bluetooth, 4G / 5G), and communication protocols 
(e.g., HTTP, SNMP, MQTT and many more) that use 
these transmission media to transmit information. The 
same communication protocol can be indistinctly used 
regardless of the physical system used for the 
transmission. For example, a (HTTP protocol) web page 
can be accessed through a smartphone, using Wi-Fi 
connection or 4G connectivity. The end user does not 
have (and must not) have a perception of which physical 
level is being used. The same happens for IoT objects. 
Each object will have its own type of connection which 
can depend on several factors, but the protocol for 
communicating to this object remains the same. 
The construction site is a very specific case of 
environment in which IoT systems operates, both because 
of the mobile nature of the construction site and the 
requirements that these systems must guarantee. 
Considering the typical services required by the 
construction site, as described in the previous section, the 
communication layer should be able to offer the following 
features, each of them with a different degree which 
depend on the specific application: 
● Reliability 
● Localization Service 
● Time synchronization 
● Security 
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Thus, the selection between different available solutions 
depends on the specific application requirements. Figure 
3 schematically represents the communication systems 
within a construction site. As can be seen from the figure, 
there are several systems that must interact with each 
other in order to ensure a correct functioning of the 
construction site and IoT services. Each of these 
subsystems has its own specific requirements and needs. 
Thus, different transmission technologies could coexist 
on the same site, offering connection to different physical 
objects. On a field level, each of the sub-system has its 
own communication technology, able to satisfy 
application requirements. Construction vehicles are 
usually equipped with cabled fieldbus used to monitor the 
state of vehicle itself. The operators could be equipped 
with sensors to monitor their health, or to monitor their 
position in the construction sites. The construction 
material can be equipped with RFID tag for an automatic 
supply chain management. 
To simplify, we identify three different communication 
levels: field communication (which include the 
communication systems on board the operating machines, 
and the Personal Area Networks of the operators), area 
communication systems (which include the backbones 
communications located in the areas of the construction 
site) and supervisory communication systems (i.e., 
communications to remote cloud systems). 
Several communication technologies can be used to 
satisfy the requirements of digital services in construction 
sites. Figure 4 classifies some of them considering two of 
the most important parameters: data rate and 
communication coverage. Three communication families 
can be identified, each of them grouping similar 
technological solutions: Mobile, Short Range and Long 
Range. The former is characterized by high throughput, 
but, at the same time, the transmission is power hungry. 
The Short-Range technologies are designed for limiting 

the consumption required by the communication. These 
solutions are characterized by limited data rate (if 
compared to the previous ones) and limited range 
coverage (generally tens of meters). Example of these 
communication solutions are Bluetooth, NFC or RFID. 
The latter solution is characterized by an extremely low 
data rate (on the order of few kilobytes), but a range 
coverage of several kilometers. These communication 
technologies are perfect for low power IoT devices 
transmitting only a limited amount of data per day, such 
as environmental sensors. 
The 5G mobile communications promises to meet all (or 
at least a substantial portion) of the requirements, but off-
the-shelf field devices are not yet ready and widespread 
deployment is still underway (Shafi et al., 2017). 

LPWAN paradigm as Wireless IoT 
transmission technology in construction sites 
Low-Power Wide Area Networks (LPWANs) have 
emerged as a feasible alternative for interconnecting IoT 
devices with limited resources (Raza et al., 2017). The 

Figure 4: A comparison between several transmission 
technologies for IoT. 

Figure 3: An example of the application of IoT for the virtualization of construction sites. 
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term "low-power wide-area network" (LPWAN) refers to 
a group of wireless communication solutions whose 
purpose is to reduce consumption while increasing 
coverage. Reduced throughput and a rather slow update 
rate are the price to pay, but they are still acceptable for 
most IoT applications. To reduce total costs, LPWANs 
mimic the mobile communication technique by building a 
network of stars that uses a small number of base stations 
joined by a simple infrastructure (Centenaro et al., 2016). 
To limit the processing capabilities required by IoT nodes, 
the protocol stack is also basic. 
In general, wide coverage is achieved by reducing the 
available bandwidth (thus boosting the receiver radio's 
sensitivity and filtering out most of the noise) and 
operating in the sub-GHz range of the spectrum. There are 
a number of commercial LPWANs, each with its own set 
of benefits and drawbacks, but the Long-Range Wide 
Area Network (LoRaWAN) is the most widely used. On 
the wireless frontend, LoRaWAN uses CSS modulation, 
while the backend is made up of internet-connected 
Network, Application and Join Servers (NS, AS, and JS, 
respectively) (Antelado et al., 2017). 
Sensor information recovery time is differently 
constrained in systems with strict time limitations. In 
other words, the data's value is contingent on all end nodes 
connected to the infrastructure being "simultaneously" 
available. For the uplink and downlink communication 
channels, analytical methods for measuring. The 
performance , in term of latency, collision rate and 
throughput of a LoRaWAN network have been 
investigated in (Delobel et al., 2017). However, up until 
now, only few scientific research, such as (Potsch et al., 
2019), focused on the overall system performance, 
including the servers required for LoRaWAN 
communication. 
In recent years, LPWAN networks have emerged as a 
viable and cost-effective solution for meeting the 
communication needs of conventional IoT applications. 
LPWAN networks may be a viable alternative for 
providing cloud access to field devices in construction 
sites with restricted real-time performance needs, based 
on some of their characteristics. All wireless 
communications must strike a balance between energy 
consumption, costs and bandwidth; LPWANs were 
created for applications that require sporadic 
transmissions and instead require attention to energy 
consumption and cost reduction, even if it means 
accepting a significant bandwidth limitation (which 
translates into good receiver sensitivity and coverage of 
the area). Furthermore, because they operate in non-
licensed frequencies, they are limited in their broadcast 
time. The interconnection servers that actually perform 
the offer of services and allow the integration of end users 
are often based on a wireless frontend and a wired 
backend for LPWANs. Complex actions are downloaded 
to the backend, where massive computer resources are 
accessible, lowering the overall cost. Because LPWAN 
are frequently connectionless and mainly based on uplink 

transmissions, network capacity per base station is 
exclusively defined by the quantity of generated messages 
rather than the actual number of field devices. These 
qualities are appropriate for use on construction sites 
because sensors and equipment in the field typically only 
need to send a small amount of data to the back-end. 
Today, two technologies - SigFox and LoRaWAN - have 
emerged as standard solutions for LPWAN. Both methods 
are based on proprietary patented radio interfaces and are 
open standards. SigFox employs a technique known as 
ultra-narrow band modulation (UNB). The Chirp Spread 
Spectrum (CSS) modulation is used by LoRaWAN. The 
commercial model of SigFox is similar to that of mobile 
communication, in which only a few accredited operators 
can deploy and manage the backend infrastructure; 
actually, each dispersed node requires a subscription. 
LoRaWAN, on the other hand, supports both a public and 
a private backend (controlled by the operator). As a result, 
LoRaWAN is viewed as an alternative mobile network 
that does not require the identification of the used, and 
thus, the payment to access to the services made available 
from the provider network. 

LoRaWAN 

LoRaWAN appears to be the most popular LPWAN 
technology right now, with a lot of academic interest and 
a number of pilot installations, mostly from multi-utility 
organizations all over the world. Several vendors offer 
comprehensive ready-to-use modules that make setting up 
a real-world experimental network much easier. When 
compared to the SigFox solution, LoRaWAN can handle 
more data and messages per node, allowing it to offer 
applications beyond environmental monitoring and 
remote meter reading. One of the benefits of this 
technology is the possibility to design a completely 
private backend infrastructure. 

Protocol stack 

The LoRaWAN defines a Data Link (DL) layer on the top 
of the physical layer (PHY), based on the LoRa radio 
patented by Semtech. The PHY level employs a complex 
CSS modulation mechanism. The so-called Spread Factor 
(SF) is encoded using a linearly frequency modulated 
signal (chirp). Due to the low cross-correlation between 
chirps of varying lengths and their near-orthogonal nature, 
channels may be easily generated by altering the SF value. 
As a result, virtual channels and ambient noise robustness 
are impacted by SF and adaptive data rate. 
Because the regulatory framework for unlicensed bands 
varies from country to country, the bandwidth, B, and 
duration of the chirp (i.e. the permissible SF) are 
rigorously determined by the country from which the 
activities originate. B is [125.250] kHz in Europe, while 
SF is [7..12]. As a result, data transfer rate ranges from 
300 bps to 11 kbps. The maximum payload at DL level is 
250 bytes (at SF7) and can change from a region of the 
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globe to limit the maximum duration of the message, and 
thus reduce collisions. 
The access strategy is defined by LoRaWAN, as 
previously stated. The ALOHA approach is utilized to 
keep the strategy as basic as feasible (thus minimizing 
expenses and energy consumption). In environments with 
many nodes, clear channel assessment techniques can be 
utilized to limit collisions. 
Furthermore, because of the regulations that govern 
unlicensed bands, data transmission periodicity may be 
limited: the three obligatory channels in Europe 
(868.1 MHz, 868.3 MHz and 868.3 MHz) allow a 
maximum duty cycle of d = 1%. 

Architecture 

The LoRaWAN network structure is built on a cluster of 
stars. The center of the star is called base station, also 
known with the name of gateway. Because 
communication is generally started by the end device, 
uplink transactions from the field are preferred. The 
gateway is always one hop away from the final node, as 
in the case of mobile communications. The gateway 
directs the received packets to the backhaul network, 
allowing LoRaWAN messages to be tunneled there and 
vice versa (see Figure 5). The gateway works at the PHY 
level and it is not able to user data, that are encrypted for 
security reasons. 
Each LoRaWAN network must have a Network Server 
(NS) at the backend, responsible for identifying and 
authenticating incoming messages by validating the 
Message Integrity Code (MIC) attached to the message. A 
network-level key shared by both NS and end device is 
used to calculate the MIC. It should be noted that many 
gateways can listen to the same message sent by a end 
node. The "forwarding NS" function, which propagates 
the message to the end destination, helps allow roaming. 

The Application server (AS) is part of the backend and it 
allows the integration of end-user applications. Although 
the requirements do not specify how these servers should 
be implemented, the most prevalent solutions use ordinary 
TCP/IP or telemetry middleware (such as MQTT) to 
access application data. A AS that it is used for message 
encryption and decryption. In that case, the node and the 
AS must have the same encryption key. 

Conclusions 
IoT technologies are revolutionizing several industries. In 
particular, the construction sites field will benefit from all 
services enabled by the huge amount of data generated by 
IoT paradigm, including predictive maintenance, 
integrated supply chain management, which have 
revolutionized the industrial world in recent years. The 
word "digital construction site" refers to the use of 
solutions provided by the world of Information and 
Communication Technology (ICT) for an accurate design, 
planning and construction of buildings. The “digital 
construction paradigm” aims at easing supervision and 
management of works and making the construction phase 
more efficient, to decrease the impact of these activities 
on the environment and create increasingly energy 
efficient buildings with the lowest possible ecological 
impact. One of the main obstacles to a larger diffusion of 
IoT paradigm in construction sites is the lack of a 
pervasive communication solution, able to offer a low-
cost communication channel to sensors and systems 
installed in construction sites. The paper analyzed the 
typical communication requirements of systems installed 
in construction sites. The LP-WAN communication 
technologies, and LoRa in particular, are a promising 
solution to provide a viable infrastructure to IoT devices 
installed in construction sites, thanks to their wide area 
coverage and low-cost and low-power transmission. 
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Figure 5: The architecture of a LoRaWAN network. 
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Abstract 

Concepts as Smart Campus, BIM and Project-Based 

Education have been widely studied in different aspects 

during the last 20 years; however, perspectives of their 

mutual integration are unsatisfactorily investigated. This 

paper examines Smart Campus as a core concept for 

Project-Based Education course “BIM technologies 

basics” for students in the AECO field, adopted in 

Satbayev University (Kazakhstan) for 4th-year students 

learning architecture in fall 2021. The advantages of 

Smart Campus development in the educational 

framework are described and discussed. Achievements 

and difficulties that students have reported are analyzed 

to specify the effectiveness of PBE and the barriers to 

implementing BIM accordingly. 

Introduction 

The new century faces humanity new challenges; on the 

one hand, we have a lack of natural resources, political 

and informational wars, pandemics, overpopulation; on 

the other hand, there are new technologies that keep us 

moving forward and create a promising future. In the 

AECO sector, one of the main revolutions is the adoption 

of the Building Information Modeling (BIM) 

methodology. This paradigm shift helps to avoid overuse 

of resources during all lifecycle of any building or 

infrastructure, effectively design in a virtual 

collaboration environment, overcome borders and 

optimize the design processes, and integrate cutting edge 

IT technologies in AECO with multiple benefits. The 

consistent implementation of such a method is a 

strategical target for the AECO sector worldwide, and the 

spreading is reaching most countries' authorities, 

scientists and practitioners. In turn, implementing new 

methods and related technologies is crucially dependent 

on education, which is paramount to producing adequate 

specialists and increasing broad knowledge. BIM as a 

methodology especially requires to be adopted massively 

to permeate the processes and change the traditional 

approach gaining effectiveness.  

In the literature review of the published research, we can 

find many successful implementations of BIM in higher 

school curriculum introduced as specialized master 

programs, single courses, part of project-oriented 

workshops, special events like lectures or conferences. 

All these education methods generate a great experience 

of implementing and developing BIM. Among others, 

project-based education methods show the best results 

and fit education features of the AECO sector. One of this 

method's main challenges is finding an appropriate 

project for the project-based education finest standards. 

Searching for the aim for a project-based education 

course, we turned to the opportunity to introduce the 

Smart Campus concept. This up-to-date direction of 

University environment development may effectively be 

strongly BIM-based as retrieved in existing studies. 

While some of such studies involved students of different 

levels for the integrated tasks of the project, it has never 

been considered as a core concept that can orchestrate the 

BIM education process; nevertheless, it opens to an 

evolving concept related to BIM-based Digital Twins. 

The present paper shares the experience of the BIM 

course at Satbayev University in 2021, combining 

project-based education with the Smart Campus concept 

as a global purpose for BIM education activities. The 

plan of Satbayev University Smart Campus, Content of 

the current course and future developments and features 

of project-based education are described and discussed. 

An additional goal has been to find methods to sidestep 

the barriers that prevent the intuitive use of BIM and 

create an image of BIM as an overcomplicated design 

method that represses creativity. Students' problems and 

failures during the course were underlined and analyzed 

for this aim. The goal of the course has been to open the 

methodology to the students, promote and boost the 

adoption for projects of different scales and purposes, 

making more accessible the wide adoption of the method.  

State of the art 

Since BIM became one of the forwards in AECO 

development, training of BIM prepared specialists 

became one of the widespread challenges in AECO 

education. Overviewing recent studies, we can find the 

following proposals to implement BIM training in the 

existing educational system: 

• Organization of special BIM dedicated events such 

as lectures, conferences, summer schools and others;  

• Creating new separate obligate or elective course in 

existed curriculum (Sacks and Barak, 2010; Pikas, 

Sacks and Hazzan, 2013); 

• Integrating BIM methods and principles in existing 

courses of curriculum (Mcgough, Ahmed and 
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Austin, 2013; Ahn, Cho and Lee, 2013; Lee, Kim 

and Yonghan, 2018) 

• Implementing of special BIM undergraduate master 

or PhD curriculum (Wu and Issa, 2013; Mcgough, 

Ahmed and Austin, 2013; BIM A+, 2021) 

Comparing these approaches, table 1 summarizes the 

results identified as the main advantages and 

disadvantages of each analyzed method.  
 

Table 1: Advantages and disadvantages of different types of 

BIM implementation in the school education for the AECO 

sector. 

 Advantages Disadvantages 

Organizatio

n of special 

events 

Indication of 

interest and 

demand for 

BIM in 

academical, 

practical and 

educational 

fields. Broad 

sharing of basic 

BIM knowledge 

Impossible to provide 

fundamental 

knowledge and any 

skills  

Creating 

separate 

course 

Complex 

approach to 

BIM training, 

including theory 

and practice. 

Comparingly 

easy to organize  

Requires a substitution 

of another course in 

the curriculum. Basic 

level of knowledge. 

May be “abstract” and 

isolated from the 

professional context of 

other disciplines 

Integrating 

into existing 

courses 

Understanding 

of BIM 

principles in the 

context of other 

disciplines 

Required time and 

resources reserved for 

other aims of the 

course. May reflect 

separate parts of the 

BIM concept, hiding 

the big picture. 

Required involved 

professors to have 

special BIM 

knowledge and skills  

Implementi

ng master or 

PhD 

curriculum 

Possible to 

include an 

advanced 

volume of skills 

and knowledge  

Required involved 

professors to have 

advanced BIM 

knowledge and skills 

 

It is possible to find similar results in more advanced 

research like Mlinkauskienė et al.. (2020). Likewise, very 

illustrative studies share stage-by-stage implementation 

using most of the described methods (Leite and Brooks, 

2020). Furthermore, it is evident from the analyzed 

studies that any BIM training implementation has to be 

based on research and propose the most effective 

educational practices.  While progressing in creating 

postgraduate programs and multidisciplinary integration 

is still essential, currently in Kazakhstan, developing a 

high-quality course is an optimal approach necessary for 

further developments.  

Such course is implemented and developed, in Satbayev 

University (SU), for bachelor programs in Architecture, 

Civil Engineering and MEP systems. We aim to prepare 

specialists who will shift the BIM maturity level in 

Kazakhstan from the bottom of 1-st to the 2-nd level. In 

order to achieve this, best-described cases of BIM 

courses have been studied. Overview showed that 

compared to traditional (Lee, Kim and Yonghan, 2018) 

or problem-oriented (Rahman,  Ayer and London, 2019), 

there are Project-Based Education (PBE) courses (Tsai, 

Chen and Chang, 2019; Zhang, Xie and Li, 2018; Leite, 

2016;), which are prevalent and effective. Crucial for 

BIM is that PBE stimulates the development of 

multidisciplinary approaches (crucial for BIM) and shifts 

to the subsequent implementation stages (Zhang, Xie and 

Li, 2017). 

Сourse preparation 

The “Basics of BIM technologies” course in Satbayev 

University was started in 2017 as a reaction of the 

Architecture and Civil Engineering faculty to the 

increased level of BIM implementation in Kazakhstan 

and the extraordinary perspectives it promised in 

developing the AECO field. Naturally, for an initial 

period of implementation, the main focus was to study 3d 

information modelling tools and less attention was paid 

to the concept and methodic of BIM. The requirements 

of the field for the BIM knowledge of graduates were also 

primary the same –the knowledge of BIM software. 

Accordingly, the content of the course was formed to 

give students theoretical knowledge of BIM principles 

and basic software use skills required to approach a 

project with BIM methodology. At the end of the course, 

the students had to be able to join BIM processes in 

design companies in Kazakhstan or develop further as a 

BIM specialist in particular directions. Such course was 

held for three years. 

The Autodesk Revit authoring tool was chosen to 

demonstrate and applicate BIM as the most spread in 

Kazakhstan (Tatygulov et al., 2020) and worldwide (Big 

data construction, no date). Besides, free educational 

licenses available for the universities increase the 

attractiveness of this software. The “Building 

Information Modeling” course from “BIM Academy”, 

available on the “Stepik” educational platform (Stepik, 

no date), was used as an example of containing and 

structuring. 

In 2020 three circumstances forced pedagogues to review 

the course. First was an introduction of BIM national 

regulations that contain mandatory use of BIM, including 

the whole lifecycle period, for complex constructions that 

attracts state funds (SP RK, 2017). The second was the 

development of new professional standards with 

particular attention to BIM knowledge for specialists in 

the AECO field (Atameken, 2020). The third was a 

challenge of the Covid-19 pandemic that reshaped all 

existing educational formats and influenced the work 

processes in the AECO field worldwide. 
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To develop the course writers used the Tyler Model of 

curriculum development (Tyler and Hlebowitsh 2013), 

that is one of the most applicable for the scientific 

approach disciplines and was successfully implemented 

in comparable curriculum design studies (Ahn, Cho and 

Lee, 2013) According to Tyler Model course design 

consist of four steps: 

1. Determination of course aims 

2. Identification of processes that will lead 

students to the determined aims 

3. Organization of the process 

4. Evaluation of the determined aims achievement   

The general objectives of the course are derived from the 

circumstances that prompt the process of creation: 

• preparing students for the shift to the Level 2 of BIM 

maturity, with particular attention to BIM not as an 

only design tool but more as the design method 

• considering new requirements of the AECO market 

pointed in professional standards 

• searching for new pedagogical methods, effective 

both in online and offline formats 

Shift to Level 2 of BIM maturity requires studying not 

only BIM tools but also BIM methods, including 

identifying BIM Goals and Uses, designing BIM 

execution plans, and developing Information Exchange. 

This approach meant the course needed a single core 

process imitating the information modelling on practice.  

Requirements of professional standards on the bachelor 

level of education in addition state the demand for the 

Common Data Environment collaboration and automated 

calculations skills. Because the discipline volume did not 

change, these additions meant that the pedagogical 

paradigm should be switched from an individual 

universal approach (Keller, 1967) to working in groups 

with differentiated tasks (ERIC, 1987). 

Increase of course’s effectiveness in the conditions of on-

line education as well as in the traditional conditions, 

according to the multiply research (Fu and Yu, 2006; 

Uhlig et al., 2007; Kim, Glassman, and Williams, 2015; 

Klimova, 2021;), may be achieved by the adoption of 

different educational methods: gamification, social 

collaboration, Project-Based Education. Project-based 

education was chosen as the best way to fit new purposes 

of the course described previously. 

Intending to have an objective material to compare the 

results of new course, the PBE component was elective, 

and students from the same group had an opportunity to 

choose between PBE and the regular work. The regular 

task for course work was to create (individually) an 

information model of a building (house, for example) 

from 2d drawings (usually got from the Internet, previous 

or ongoing design studios). For PBE a group of students 

had to develop BIM model of existing building to 

improve the maintenance processes (details are described 

further in “Smart Campus Satbayev University” section). 

While originally Tyler Model involved basically 

Assessment of students’ academic performance as a 

course evaluation method, later  research showed that 

such method may have some limitations. In the case of 

new experimental course with new conditions, methods 

of training and contain objective assessment of academic 

performance is hampered.  

Instead, process oriented responsive evaluation (Stake, 

1967) was implemented. Initial evaluation was made 

using PBE Gold Standard. For results interpretation it 

was hypothesized that students who arise and solve more 

problematic questions in the practical tasks, after 

adoption of the same theoretical material – will finally 

have accordingly higher level of knowledge and skills. 

To analyze also the student’s vision and feedback, 

questionnaire study after the end of the course was 

planned.  

Content of the course 

The vital part of the PBE course was to find an aim for 

the project. We decided to start from the known 

experience of Smart Campus (SC) at the University of 

Brescia (De Angelis et al., 2015) as a strategy to organize 

the long last project as a core for the course.  

SC concept was first mentioned in the latest 90th 

(Kaneko, Sugino and Suzuki, 2000) and became one of 

the educational trends from the beginning of the 21st 

century. Initially, it was based on the set of IT 

technologies helping to solve problems of new 

educational realities as distance learning. However, later 

SC was naturally integrated with concepts of Smart 

house, Smart city, Sustainable development and much 

more, that made it much more expansive and added 

connections to the organization of the material 

environment (Kar and Gupta, 2015; Jiang, 2017; Min-

Allah and Alrashed, 2020; Yuxia, 2020). 

The University of Brescia team was the first in Italy to 

expose and realize the potential of BIM in implementing 

SC (De Angelis et al., 2015). Building as an environment 

integrates all processes in University, i.e. education, 

administration, science, maintenance, consumption and 

building model may collect all the information about 

these issues. Moreover, it gives a visual frame to 

information, making it more structured, communicable, 

convenient and sharable. 

In Kazakhstan, SC is currently introduced in three 

universities (Zhamanov, 2018; Tengri Lab, 2020; Al-

Farabi Kazakh National University, no date), covering 

mainly the IT part of the concept. Satbayev University, 

as a leading technical university in Kazakhstan, may 

become a perfect platform to develop a more complex 

approach. 

Smart Campus (SC) is an industry 4.0 era concept that 

concerns the sustainable redevelopment of universities 

facilities and processes using different approaches. 

Furthermore, SC may be BIM-based and developing a 

Smart Campus has several advantages when adopted as a 

purpose for PBE in BIM education:  

• BIM allows operating and visualizing facilities, 

processes and information for Smart Campus; 
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• Smart Campus have infinite perspectives of 

development that mean infinite targets for PBE; 

• Smart Campus development can help to underline 

the importance of BIM during the O&M phase of the 

building’s lifecycle; 

• Smart Campus involves high-end technologies; 

• Smart Campus definition requires to combine 

numerous efforts in different fields as IT, 

management, economics, AEC, robotics and others 

that stimulate the adoption of a multidisciplinary 

approach. 

Therefore, we decided to implement SC as a project-

based component to BIM-related courses at Satbayev 

University. We listed the following challenges occurring 

in Satbayev University on the date of research that a 

BIM-based SC could solve: 

• Lack of a unified system of data storage, processing 

and updating; 

• Loads of lost or outdated data; 

• Inadequate data storage format; 

• Limited range of collected data; 

• Lack of transparency of operations; 

• Lack of convenient navigation; 

• Outdated mechanisms of interaction of the 

environment with users; 

• Lack of mechanisms to minimize resource 

consumption and environmental impact. 

Based on the latest research, we formulate an aimed SC 

model for SU, as shown in Figure 1. 
 

 
Figure 1: Satbayev University Smart Campus aims 

The conceptual framework for SC development at the 

University of Satbayev was presented to the 

administration office and the university leadership and 

management team and approved with the roadmap 

depicted in Figure 2. 
 

 
Figure 2: Satbayev University Smart Campus primary stages 

 

It was decided to use the architecture department building 

as a pilot project for the first step. The following plan was 

thus approved for the future development. Nevertheless, 

before extending the application on the whole Campus, a 

pilot project for architecture department building was 

organized according to the following plan: 

• Create a BIM model; 

• Analyze current usage characteristics and patterns; 

• Calculate possible benefits of reconstruction using 

sustainable principles and smart technologies; 

• Create a BIM project for a renovation phase; 

• Calculate the environmental and economic benefits 

of the proposed renovation project; 

• Realize the renovation process and implement the 

smart technologies dissemination; 

• Analyze the renovation effects and developments; 

• Implementation of the strategy to the whole Campus. 

The first phase from this list (Create a BIM model) 

became the first project task for the considered PBE 

oriented course. The collaboration between groups of 

Architects, Civil Engineers, and MEP engineers, 

studying BIM to create a complex model was planned. 

However, currently Architecture students had a course in 

the fall semester while their colleagues had it in the 

spring. Consequently, it was decided to create an 

architectural model in the fall of 2021 and then proceed 

with the construction specifications and networks in the 

second semester. For the future curricula, the purpose is 

to organize the joined work simultaneously. 

 

 Finally, the course that was conducted in fall 2021 had 

three main didactic sections: 

• BIM Theory; 

• BIM practice based on the Revit authoring tool; 

• Course work: PBE component/ traditional course 

work (electively). 

Practice and theory moved parallel according to Table2.  

 
Table 2: Content of the “Basics of BIM technologies” course  

№ Theoretical topic Practical topic 
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1.  General BIM concept Families: Parameters and 

information 

2.  History of BIM 

 

Families basic categories: 

windows, doors, interior 

equipment 

3.  CDE CDE – Common Data 

Environment 

4.  Advantages and 

limitations of BIM 

Main modeling tools: 

walls, roofs and ceilings  

5.  BIM, state of art Main modeling tools: 

constructional frame  

6.  BIM case studies Main modeling tools: 

curtain walls and rails 

7.  BIM Software Main modeling tools: 

rooms, spaces, areas 

8.  BIM state standards Main modeling tools: 

stairs and ramps 

9.  BIM corporative 

standards and primary 

documents 

Main modeling tools: 

topography and elements 
of landscaping 

10.  BIM implementation 

process  

Main modeling tools: 2D 

instruments 

11.  Management in BIM Schedules and 

specifications 

12.  BIM and industry 4.0, 

perspectives of BIM 

Graphical presentation and 

templates 

13.  Smart Campus concept Layout, import and export 

14.  Smart Campus 

Satbayev University 

project and BIM 

Adaptive families. 

Introduction to generative 

design. 

15.  Course work 

presentation 

PBE final work 

presentation 

 

The course was basically off-line. Although some of the 

online methods that appeared to be effective were used.  

Microsoft Teams platform was used to: 

• Store essential materials (e.g. books, articles, links 

and video lectures); 

• Upload, receive, assess and return the tasks; 

• Hold additional consultations (especially during the 

final stage); 

• Organize a basic part of CDE with main project 

materials. 

Initially, it was planned to create a CDE on the One-Drive 

platform that allows synchronizing files between 

multiple users. This approach was adopted in the 

theoretical part and realized in the practical classes. 

However, having experience with organization and 

exploitation of common storage file with simple template 

models, students found it very difficult, unstable and 

critically sensitive to software and hardware features, 

internet network stability and human factors. While the 

teaching staff still recommended trying the use of the 

CDE with «automagical» integration of different parts of 

the model and working in a single file, the students finally 

chose to integrate the model manually, arguing this could 

be a slower method, but more reliable for them to 
control the process strictly. It must be underlined that 

interviewing companies in Kazakhstan using BIM, 

during the preparation phase of the course to find a 

suitable CDE approach showed a similar result: 

companies in Kazakhstan are refusing to use online CDE 

solutions preferring local network solutions using the 

same arguments raised by the students/users. This shows 

that general insecurity about the online CDE is perceived, 

possibly due to the lack of widespread practice. 

As mentioned above, students choose to attend PBE 

component or do traditional coursework. Of 18 students 

on the course, 12 (67%) joined the PBE component. 

Initially, the number was significantly lower, and the 

teaching staff stimulated the participants explaining the 

advantages of PBE and the possible influence of SC on 

their further learning experience. Both the group that 

chose the PBE and the team working on the traditional 

task had similar content of more motivated and weaker 

students, making it possible to compare their results in 

the final stage. In order to coordinate the modeling phase, 

a BIM execution plan was created. For that purpose, the 

Autodesk template was applied. BIM uses, roles in the 

team, schedule and additional features were described 

and utilized. This was particularly beneficial to specify 

the needed level of detail and level of information 

needed. 

The course evaluation through Gold 

Standard of Project-based Learning  

In order to verify that the chosen task was adequate 

according to the best practices of project-based education 

(PBE) it was analyzed using the Gold Standard of 

Project-based Learning (GSPBL) (Larmer, Mergendoller 

and Boss, 2015). In the following, the key criteria and 

checks are listed. 

Student Learning Goals: assuming skills and knowledge 

to be ready for the industry 4.0 in AECO sector.  

Key Knowledge: BIM.  

Key Success Skills: “Collaboration” and “Technology 

skills and digital literacy”.  

Essential Project Design Elements: 

Challenging Problem or Question: Smart Campus 

development requires solving multiply problems vital to 

the modern world, such as effective data storage and 

operation, efficient energy management, multi-comfort 

environment.  

Sustained Inquiry: While the basket of the materials was 

given to students, there were still some points requiring 

independent efforts, such as: measurements of the 

building’s portions and details that were not introduced 

in the existing documentation; organization of shared 

storage files using cloud services; interpretation of BIM 

tasks of the project to the list of necessary elements and 

data, organization of model integration. 

Authenticity: Modelling the educational building or 

developing other parts of the smart campus project 

impacts the development of the University environment. 

Attending to the improvements in the everyday ambient 
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is a perfect way to make a project equally authentic for 

all participating students.  

Student Voice & Choice: For the first time, the project-

based component of the course was elective, with 

possible further options to choose from. For the final 

practical work and some exercises, students could elect 

abstract tasks or tasks connected to their design project, 

or join modelling the university building for the Smart 

Campus pilot project. The students who joined the 

project-based component were also able to select their 

roles and tasks and determine which kind of tools and 

methods they would use. Such an approach enables them 

to characterize their perception in studying BIM concepts 

and demonstrate their willingness to use them.  

Reflection: We consider two stages of reflection. Firstly, 

during the course, students were able to reflect on the 

theoretical knowledge about BIM and software skills, 

applying them to the Smart Campus project tasks. 

Furthermore, as resulted materials of the course are only 

one of the multiple steps of the whole SC project, the 

students will be able to follow how the product that they 

have created will be used and developed further, 

understanding possible mistakes and their consequences 

and increasing perception of belonging to the university 

campus development. 

Critique & Revision: There were three stages of the 

revision process for PBE part of the course. The first was 

self-revision that students performed when they needed 

to combine their parts of the model or work with 

materials prepared by other students previously. Students 

responsible for integrating the parts of the model 

reviewed and critiqued others' work, observing all 

inconsistencies between the different parts. The second 

stage was a critique executed by the teaching staff on the 

weekly consultations and weekly tasks revision. The final 

revision was conducted after the final work was 

completed, and it was aimed to underline how the final 

result fits the initial aims. 

Public Product: Results of Smart Campus development 

are highly demanded from the administration of the 

University. The students hence experienced 

accountability for their project. The preparation of the 

materials for the public presentation to the leading team 

of the Rector and Decan set high standards of the required 

quality. 

As seen from this review, proposing an approach for the 

PBE course in BIM technologies based on the SC 

concept fits the PBE Gold Standards and promises 

highest results in education. 

Results and discussion 

During the course, the students completed all theoretical 

and practical modules. A questionnaire survey among the 

students showed the following average perception of the 

course (from maximum 10): overall quality: 9.25; 

complexity: 6.17; Relevance: 8.83. The average 

academic performance was 62/100. “CDE” was indicated 

as the hardest module, and “Graphical presentation and 

templates” as the easiest. 

PBE team created a BIM model of University building 

(Figure 3) defining constructions, walls, slabs, roof, 

windows, doors, stairs, finishing, basic furniture, nearest 

landscape. Most of the information was created for 

rooms: number, function, capability, finishing of the 

main surfaces. It was considered that this information 

could be increased according to further developments. 

Finally, the model was ready to define the required 

management and maintenance data. 5th year students 

currently realize further integration of networks and 

constructions components as final thesis work. 

Compared to the traditional team, the PBE team showed 

much more complex processes to face. The main 

problems are listed in the following: 

1. The discrepancy of levels during the creation of 

the model sections; 

2. Disconnection of the elements; 

3. Mistakes in the location of the elements (e.g. 

columns, windows, doors and others) 

4. Struggles in designing 3D topography from 

existing 2D drawings; 

5. Incongruity in using specific types of elements; 

6. Inconsistency of materials and other parameters 

in different sections of the model. 
  

  
Figure 3: Model of Satbayev University campus building, 

realized in the framework of the course 

Most of these mistakes (1-3) resulted from a manual mix 

of the general model. Experience of such mistakes and 

other challenges during manual combination and further 

corrections were much more convincing than theoretical 

explanations on the correct process for implementation.  

Errors like 5 and 6 report a lack of pre-designed standards 

and descriptions, that have crucial role in BIM. Initially 

careless attitude pointed out that students did not 

significantly perceive the importance of the pre-designed 

stage, although it was clearly explained in theoretical 

lectures. Problems in creating 3D topography (4) were 

caused by students’ difficulties understanding 2D 

topographical drawings, unveiling the need to deeply 

analyze the environmental context. Reflection and 

correction of discovered problems underlined students’ 

omissions in BIM knowledge and skills and allowed to 
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correct them and increase awareness of these crucial 

topics. The errors in the model were also amended.  

At the same time, students who did the traditional course 

work did not experienced any of mentioned problems. 

According to the course results comparison hypothesis 

(described in “Methodology for the course preparation” 

section) such situation demonstrates that individual 

abstract tasks are less effective in strengthening 

knowledge and assessing the BIM methodology 

understanding and skills comparing to the PBE approach.   

The course experience showed that PBE helps students 

understand and assimilate vital BIM concepts. It also 

proves conformity of SC goals to purposes of PBE in 

BIM education. In the previous sections, a bunch of SC 

advantages as a subject for PBE in BIM were described 

to promote the idea; however, the course results show 

that we started with the beginning of the process, most of 

the perspectives and correspondingly challenges are not 

examined. The University hope is that our efforts will be 

continuous and will show interesting results in the future 

development of BIM education in Kazakhstan. The 

experience also aimed to attract the attention of 

colleagues and pedagogues to join the process and 

contribute in our implementation. It is worthy to note 

that, while the approach to the complex process of SC can 

show sensible positive changes in students education 

experience, separate segments may not have evident 

results. That may reduce the “authenticity” of the PBE 

application. In order to overcome this gap, lectures about 

SC and its implementation were added to the course. This 

lecture described the plan of SC implementation and the 

importance of the role that students would have in this 

process. There are also some significant difficulties 

revealed in the proposed method. Firstly, it is the long 

terms of SC implementation, in case it would be realized 

by students’ teams, as the teaching staff have to teach to 

a new team for each subsequent goal. Moreover, the goals 

have to be relatively simple to complete during a single 

course period. Therefore, it is clear that the most 

challenging sections have to be extracted and executed 

by the research team that is now under creation at 

Satbayev University. A second question is the diversity 

of the goals in the SC implementation plan that may 

require different skills and knowledge from each 

students’ group, depending on the stage of the process. 

This may prevent the unification of the course and 

achievement of the same positive results in each run of 

the curse. Nevertheless, at the same time, such a situation 

will require more flexibility both from students and 

educators. The need for a multidisciplinary collaboration 

that is also a consequence of diversity is nowadays 

paramount for successful work and career in the students' 

future. 

Special attention is needed to point out some barriers to 

BIM implementation in Kazakhstan that were 

highlighted during the course. As it was mentioned 

previously, collaboration, especially in online CDE is 

still complicated. This has been detected in the 

perception of CDE among the students and professionals, 

at least in developing countries. As a significant part of 

BIM, it may delay the development of application in 

general. New intuitive and «error resistant» tools are 

highly demanded, and they could change the perception 

and speed up the diffusion of an advanced adoption of the 

BIM methodology.   

Conclusion 

The analysis of three modern concepts in AECO sector 

and education that are Building Information Modeling 

(BIM), Smart Campus (SC) and Project-Based Education 

(PBE) show the excellent potential for increasing the 

quality of BIM training and tutoring and developing 

university environment that can have a mutual 

integration in the educational process of the students. 

While some obstacles with organization, terms and 

unification are considered, they can be overcome by the 

efforts of developers or outweighed by strong positive 

effects. 

Existing studies repeatedly prove the value of each 

concept, and this research is the first step to unveil the 

synergetic effect they may have together in a country 

such as Kazakhstan that is approaching BIM use while 

standards and education are not entirely mature. Based on 

the latest developments in each direction, we prepared 

and activated a BIM course with the project-based 

Education component, designed according to the PBE 

Gold Standard. The successful realization of the first step 

of Smart Campus for Satayev University during this 

course makes us believe in our proposal's successful 

attitude and the benefit of sharing it with other 

researchers working on implementing BIM in education 

through SC development and with the adoption of PBE. 

While Kazakhstan is only at the beginning for 

implementing the BIM methodology, the same approach 

may be effective not only for this country or other 

developing countries: with expanding SC goals and 

education methods,  it may be discussed and eventually 

adopted for education and practice also by countries 

where BIM adoption and AECO industry are mature. 

Moreover, developed countries have more resources to 

implement this approach with more advanced 

technologies and ambitious goals, and they can integrate 

the discovered advantages coming from the presented 

experience. The modern age creates new challenges for 

civil engineering, erasing familiar paths and borders. 

New versatile methods and technologies and their 

combinations have to be found to face the new future of 

the AECO sector and link the world in practice, science 

and education. 
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Abstract 

Many standards for Building Information Modelling 

(BIM) have been published and more are being prepared. 

Practitioners and academics often struggle to understand 

the still-evolving relationships between them and how 

they can support day-to-day activities. In this research we 

collect data on BIM standards developed by CEN/TC 442. 

The standards are presented in a series of prototype online 

dashboards and analysed to study how they are related to 

each other and to the different aspects. The results can 

help standardisation bodies, professionals, and academics 

understand how key concepts are covered in standards, 

and explore how they are linked to other domains.  

Introduction 

The construction sector is known for its limited efficiency 

and productivity (McKinsey & Company 2017) and as 

well for its impact on our planet and its climate (UN 2017, 

IPCC 2018). Standardisation is seen as a means to 

improve productivity, supporting improvement of work 

methods and enabling collaboration between different 

parties and across projects (Yates & Murphy, 2021). One 

of the common examples in construction are the standards 

for design and construction drawings representation, now 

part of ISO 128 family "Technical product 

documentation" that date from the early 20's of the XX 

century (CEN, 2002). 

With increasing digitalisation in the sector, and in 

particular with the increasing adoption of Building 

Information Modelling (BIM), many standards have been 

and are still being published by recognised 

standardisation bodies at both national and international 

levels, such as the European Committee for 

Standardization (CEN) and the International 

Standardization Organization (ISO) (Sacks et al. 2018). In 

Europe, a specific committee for BIM, called CEN/TC 

442, was established in 2015, and to date it has published 

16 standards and 3 technical reports. Just 6 outputs were 

developed by CEN/TC 442, while the others have been 

developed via the Vienna Agreement with ISO/ 

TC59/SC13, the international standardisation committee 

responsible for BIM.  

However, despite the goal of standards to provide clarity 

in work processes, practitioners and academics often 

struggle to understand the still-evolving relationships 

between standards and how they can support their day-to-

day activities (Howard and Björk, 2007). One issue is that 

some topics and definitions overlap in two or more 

standards which can confuse non-expert domain 

professionals in finding and referring to the correct 

standard to address their issues. Moreover, due to the 

increasing number of standards, standardisation experts 

find it challenging to keep track of the terminology and 

interactions, likewise, to identify possible gaps, or resolve 

contradicting directives across standards (NBS, 2020). 

Although different databases list the published standards 

(e.g. Czech Republic, BuildingSmart), inclusive overall 

analysis of these standards and their relationships has not 

been undertaken. In the scientific literature, various 

authors have reviewed BIM related standards from the 

generally narrow perspectives of their specific research 

directions (AbuEbeid & Nielsen, 2020; Binesmael et al., 

2018; Ganah & Lea, 2021; Krawczyk, 2020; 

Kupriyanovsky et al., 2020; Li et al., 2020; Patacas et al., 

2020). Most of these works analyse the logic of BIM 

standard use, or global review of BIM standards, giving 

some examples of usage, investigating deeper analyses of 

some particular industries, e.g. railways. However, none 

of the analysed studies provide a global comparative 

overview of the standards. Nor do they provide an 

accessible user interface which could give a complete 

picture and relationships in between the BIM standards. 

The goal with this work is to support Architecture 

Engineering Construction and Operations (AECO) 

stakeholders in better understanding the European BIM 

standards landscape and their interconnections. The 

analysis also aims to identify gaps and contradictions 

between these standards. 

To address this gap, this research proposes an online 

solution with interactive dashboards that may enable 

practitioners and researchers to discover, visualise and 

better understand the relevance of European standards for 

different AECO roles, phases and topics. Finally, the 
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work points to future research actions focused on the 

update and improvement of results, as well as the 

development of usability tests to perceive how the 

presented outcomes relate to other users' needs.  

 

Methodology 

The work was undertaken by the EC3 Modelling and 

Standards Technical Committee during 2020 and 2021. 

The committee includes experts on standardisation who 

are lead authors of CEN standards or members of national 

standardisation bodies as well as researchers from across 

eleven EU members and their associated countries.  

This research used a mixed methodology of both 

qualitative (review of standards) and quantitative (plotting 

tabulated reviews) methods. Firstly, a literature review 

was conducted which establishes the need for the 

proposed development and evaluation criteria. The 

relevant standards were then identified and collected in 

order to be structured in dashboards and analysed 

according to earlier defined evaluation criteria. The 

evaluation includes:  

● Identifying the relevance of the standards for the 

various AECO stakeholders. The exploratory 

stakeholders selected include: Clients, Project 

Managers, Permit Agencies, Designers, 

Contractors, Facility Managers, Manufacturers, 

Software Developers; 

● Organising standards according to the project 

phases they cover. The following phases are defined 

following the ISO 22263:2008 assumptions 

combined with the definitions of several other 

international plans of work (RIBA, 2020): Strategic 

Definition, Briefing, Design, Procurement, 

Manufacturing and Construction, Handover, 

Operation and Maintenance and Decommissioning;  

● Identifying the relevance of standards according to 

specific BIM topics that are covered by CEN/TC 

442 working groups. The exploratory topics selected 

include:  Project Delivery, Data Exchange, 

Information Requirements, Terminology, 

Cybersecurity, Project Operation and Products; 

● Identifying the different relationships between 

standards, especially normative references and 

informative references. Normative references are 

mainly documents published by ISO or the 

International Electrotechnical Commission (IEC) 

that are included in the normative text of a standard. 

While informative references can be any type of 

documents (standards, reports, articles etc) and they 

are included in the bibliography. 

● Identifying the chronology of the different standards 

(year of first publication and year of latest version) 

to help understand their current formal relationships. 

 

Some of this information was extracted directly from the 

standards such as the year of publication and references. 

Other aspects required a more in-depth analysis (e.g. to 

define the topics and phases covered) as well as 

knowledge and expertise of the researchers. For example, 

the research team explored how to define the relevance of 

any BIM standard to a given project role.  

Each standard has been analysed by (at least) two experts 

and then validated by a third reviewer. Meetings have 

been arranged to discuss possible divergences to arrive at 

a consensus among the experts. 

The data collected have then been compiled and explored 

through a first set of relationships graphs using Gephi 

(Bastian et al. 2009) and data visualisations using MS 

Power BI. These explorations have then been 

consolidated through a set of public online dashboards 

compiled using Microsoft Power BI which can be used for 

exploration and analysis. Finally, the dashboards have 

been presented to CEN/TC 442 experts to evaluate the 

relevance of the work in terms of structure and content 

which has been validated.  These results have been 

published to make them available to the global AECO 

community. Figure 1 illustrates the methodology used in 

this paper. 

 

 
Figure 1: Overview of the methodology used in the present 

study 

 

The remainder of the paper will describe the public online 

dashboards prototype followed by a discussion of the 

resulting graphs and their significant outcomes. 

When an international (ISO) standard is adopted at CEN 

level it gets the prefix “EN”: “EN ISO” followed by the 

number of the standard. However, to facilitate readability 

of graphs, it has been decided to omit the prefix “EN” for 

international standards adopted at CEN.  

 

Public Dashboards for the Exploration of BIM 

Standards’ Relevance and Relationship  

 

A central output of this work is a holistic analysis of BIM 

standards with a prototype made available on a public 

website composed of 6 dashboards designed to ease the 

exploration of the standards for specific use cases. The 

website can be accessed at  https://ec-3.org/BIM-

Standards-Landscape-Explorer.html.  
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As an example, Dashboard 01 (Figure 2) enables users to 

select their role (1) in a project to retrieve the list (4) and 

count (3) of standards relevant to that role. Four levels of 

relevance of a given standard to a project role are 

considered in this research, to be selected by the user (2): 

● High: the standard is essential for the given role to 

perform their day-to-day activities in using BIM in 

their company or project; 

● Medium: the given role is not directly involved in the 

use of this standard, but an awareness may facilitate 

collaboration with other parties; 

● Low: the given role is not directly involved in the use 

of this standard and its application has a marginal 

impact on the activity;  

● Not relevant: the given role is not directly involved in 

the use of this standard and its application does not 

impact the activity. 

 

 

Figure 2: Dashboard 01 - Role focused, returns a list of related 

standards based on user inputs 

Dashboards 02 and 03 have similar layouts and interfaces 

as Dashboard 01 but enable exploration around different 

criteria and do not have a relevance weight. Dashboard 02 

enables the user to select the project Phase for which they 

wish to retrieve the list of related standards while 

Dashboard 03 enables the user to explore standards 

relating to a given BIM Topic. 

An example of the second dashboard type is Dashboard 

04 (Figure 3) which enables the user to explore 

relationships among the standards developed by CEN/TC 

442, here referred to as “BIM standards”. The 

relationships (1) in this case are presented in the form of 

a network graph (5). The weight of each relationship is 

also displayed as defined by the expert review. Three 

weights are used: 

● High: the standard is a continuation of another 

standard and the two standards should be used 

together. Alternatively, the two standards might 

overlap in the scope. 

● Medium: the standard covers similar topics 

and/or is part/shares same concepts and 

principles. 

● Low: the standard covers similar topics. 

However, they can be used independently.  

This weight definition aims to help users to better 

understand the strength of the relationship/association of 

different standards and how they should be used together. 

A count (4) and list (6) of standards is also displayed to 

the user who can furthermore set the timescale (3) of 

interest.  

 

 

Figure 3: Dashboard 04 - Relationships among BIM 

standards, returns a network graph based on user inputs 

 

Dashboard 05 extends Dashboard 04 by presenting the 

relationships not just among BIM standards but also to 

those which the BIM standards refer to normatively and 

informatively, also as a network graph. Finally, 

Dashboard 06 (Figure 4) illustrates the chronological 

evolution of BIM standards according to their first 

publication dates as a linear chart. The EN ISO 12006 

series are shown in yellow, the EN ISO 29481 series in 

red, the EN ISO 16757 series in brown, EN 17549 series 

in purple,  the EN ISO 21597 series in green and, lastly, 

EN ISO 19650 series in blue. The standalone standards 

are shown with the colour black.  

 

Discussion and Result of Analysis 

As noted previously, the dashboards can be used by 

standardisation bodies, professionals, and academics to 

explore BIM standards in relation to the defined criteria 

as well as their relationships.  

The dashboards can be the subject of more in-depth 

analysis to identify patterns and gaps. To illustrate the 

value of the dashboard, the research team has conducted 

the following analyses: 

● Patterns and recurrence in the relevance by roles, 

phases and topics. 

● Relationship between BIM standards and non- 

BIM standards. 
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● Chronological sequencing of BIM standards 

according to their year of publication and 

references (normative or informative). 

● Centrality analysis among BIM standards. 

● Relationships of BIM standards clusters 

 

The results of these analyses are discussed in the 

following subsections. 

Relevance for users 

One of the challenges of user relevance analysis was the 

lack of clear definitions of BIM(-related) roles in BIM 

standards, except for the appointing and appointed parties. 

This affected the judgement for defining the roles and 

their relevance to BIM standards. Therefore, the defined 

levels of relevance are subjective and based on the 

experience of the authors in the construction industry and 

standardisation. 

An interesting result in the analysis of Dashboard 01 is 

that the standard EN ISO/DIS 29481-3 (under 

development) and EN ISO 16739-1 are mainly relevant to 

software developers. Another observation is that EN ISO 

19650-1 is highly relevant to all roles in a project, but has 

lower relevance to manufacturers, permit agencies and 

software developers. 

Relevance for project phase 

The analysis of Dashboard 02 shows that all standards are 

relevant to all phases of the project, this confirms the fact 

that BIM is related to the whole lifecycle of assets. On the 

other hand, this highlights how project phase is not an 

effective way to search BIM standards.  

Relevance for topic 

The analysis of Dashboard 03 shows that the initial topics 

selected, and used within CEN/TC 442, for relevance 

review in the standards are well discussed in most of the 

standards analysed. This shows as well that the 

exploratory topics chosen are also not sufficiently 

discerning. For instance, “Data Exchange” is talked about 

in almost all the BIM standards. This confirms the 

difficulties often raised by users regarding the difficulty  

of getting  into specific topics (Yates & Murphy, 2021), 

as for some topics more than 20 standards need to be 

applied (Dashboard 04).  In contrast, some topics are more 

niche, for example, only EN ISO 19650-5 focuses on 

Security issues and protocols. These findings point out the 

need for a further level of granularity in the next phases 

of this project for topic relevance analysis. 

Relationship among standards 

This analysis of the network graph in Dashboard 05 (see 

Figure 6) shows that BIM standards refer (normatively or 

informative) to a range of standards in a range of domains 

including: Project Management (PM), Construction, 

Facilities Management (FM), Quality Management (QM), 

Information and Communication Technology (ICT), 

Industrial Automation (IA), Geographic Information 

(GIS), Health Information (HIS), and Other. In particular, 

the analysis shows that the standards in PM, Construction, 

FM and QM – which are more focused on traditional 

construction asset delivery and operation – contain little 

reference to “digitalisation” domains such as ICT, GIS, 

HIS and IA. The graph network clearly shows how the 

BIM standards – which are focussed on the digitalisation 

of construction asset delivery and operation – bridge those 

two domain groups. 

Chronological evolution of BIM standards 

This analysis (Figure 5) shows that the first BIM 

standards were published in the early noughties, including 

EN ISO 12006-2 and EN ISO 12006-3. However, most 

BIM standards have been published since 2019. This 

 
Figure 4: Dashboard 06 - Chronological publication of the BIM standards 
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rapid recent progress is mainly driven by the fact that a 

dedicated CEN committee (CEN/TC 442) has been 

established on BIM in 2015 and therefore more standards 

have been published and adopted in the following years. 

This could have also been driven by the enhanced 

awareness of needs by AECO professionals to use BIM in 

their projects and the increase of BIM mandates across the 

EU. It is important to mention that standards are usually 

reviewed every 5 years, and this should not confuse the 

reader that might not be familiar with the standardisation 

process. 

Network Analysis 

Figure 6 shows the graph network of BIM standards from 

Dashboard 04. The graph contains 26 nodes (the BIM 

standards) connected by 108 links representing normative 

and informative relationships. An analysis of this graph 

can give some insights into which standards appear more 

central, how the BIM standards cluster around certain 

subjects and whether important relationships are missing. 

 

Standard Centrality 
Through network modelling in Gephi, degree centrality 

was leveraged to measure the relative influence of the 

BIM standards in the network. The in-degree centrality of 

a node (here, a standard) is the number of standards that 

refer to that standard. The out-degree centrality is the 

number of standards that standard refers to. Degree 

centrality is the sum of both (Yang et al. 2017). 

The research initially considered all three metrics, but it 

was found that in-degree centrality and out-degree 

centrality were not reliable metrics for this graph because 

many standards were only recently published and older 

ones are likely to need to be updated to take account of 

the existence of these new ones. As a result, new standards 

tend to have high out-degree centrality but low in-degree 

centrality, and older ones exhibit the opposite 

characteristics. Focusing on degree centrality reduces the 

influence of the publication timeline (which will not be an 

issue once the publication of BIM standards settles). 

The BIM nodes appearing in Figure 6, EN ISO 19650-1, 

EN ISO 12006-3 and EN ISO 23387, shown in red, have 

the largest degree centrality values at 19, 15 and 14 

respectively. While this could be expected for EN ISO 

19650-1, it is less so for the other two, especially EN ISO 

 
Figure 5: The full netwrok graph in dashboard 05 

 

 

 

 

 

 
Figure 6: Network graph of BIM standards (from 

Dashboard 04) showing the standards with the largest 

degree centrality values (red). 
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12006-3:2016. Nonetheless, it should be noted that twelve 

standards have a degree centrality of 10 and above and the 

network has a diameter of 6, indicating that the network 

is quite tight. 

 

Clusters 

The analysis of a network graph can be done by analysing 

individual nodes or edges, but also by looking at clusters. 

Figure 7 reproduces Figure 6 with additional boundaries 

that the authors have identified as three clusters. The red 

cluster includes the standards that focus on the 

Information Delivery Process at a strategic and tactical 

level. This cluster builds around the EN ISO 19650 series. 

The blue cluster includes the standards that focus on the 

Construction Domain Information Classification (where 

‘Construction’ should be understood in a broad sense). 

This cluster particularly includes the EN ISO 12006 and 

EN ISO 16757 standards series. Finally, the green cluster 

encompasses standards that focus on the Specification of 

Information Requirement, addressing issues of a more 

practical nature. This cluster particularly includes the EN 

ISO 29481 and EN ISO 21597 standards series. It can be 

seen in Figure 7 how the first two clusters (red and blue) 

have comparatively few interconnections, especially 

normative ones. In contrast, the third cluster (green) is 

well interconnected to the other two. This seems 

consistent with expectations because specifying 

information requirements is a very important aspect of 

information delivery with BIM, and practically specifying 

information requirements in an effective and 

interoperable way requires the use of standard domain-

specific classifications.  

 

Conclusions 

The research produced several dashboards where the 

European BIM standard landscape is structured and 

analysed to deliver understanding of their relations to 

roles, phases, topics, and themselves, as well as their 

chronological evolution. 

It is evident that most of the BIM standards are applicable 

to all roles, however some such as ISO 29481-3 (under 

development) and ISO 16739-1 are mainly useful to 

software developers. This demonstrates that the 

knowledge of policies should be a key component of 

every AECO stakeholder, without considering BIM just 

as a domain for experts in technology. 

The BIM standards are mainly applicable to all phases of 

a project as BIM covers the entire lifecycle. Thus, the 

project phase is not a highly discriminatory way to search 

BIM standards. However, in the future, the created 

dashboards should still be considered, as reference to 

visualise the applicable standards in the phases that 

AECO stakeholders are working on. Besides, BIM 

standards also tend to address several topics making it 

hard to follow. The standards analysis using high 

granularity lenses was identified as a key issue to be 

worked on further.  

Regarding the relationship of different BIM standards the 

paper shows that EN ISO 19650 series and EN ISO 12006 

series have higher centrality relevance. When 

approaching the development of ISO 19650 series it was 

the intent of the drafting committee to set ISO 19650-1 as 

a key standard regarding BIM. To accomplish this, several 

previous standards were referenced, and they were 

integrated as background for concepts and principles. 

Thus, this standard and following parts have high 

centrality. This can benefit practitioners interested in ISO 

and CEN standards regarding BIM as they can consider 

those standards as a good starting point to understand the 

overall picture of the BIM standards landscape. 

Moreover, BIM standards developed by CEN/TC 442 are 

linked to other domain standards on PM, FM, QM, ICT, 

IA, GIS and HIS, and often they function as connection 

between those domains.  

Graphs have proved to be effective for discovering 

relations that were not obvious from reading the 

normative and informative references of published 

standards. Furthermore, the same allowed the 

identification of missing links between some BIM 

standards and ICT, Construction, FM, and PM standards. 

This is a topic to be explored further in future research.  

These results can help standardisation bodies on the 

alignment and scope of future standards and can also help 

professionals and academics in the adoption and practical 

implementation of these standards. 

The chronological evolution dashboard shows that the 

number of BIM related standards has grown significantly 

since 2019. Due to the constant evolution of standards, it 

is the intention of the group to maintain the analysis and 

published resources as new standards are developed in 

future. For these reasons, the group published the 

dashboards online in the EC3 website 

(https://ec-3.org/BIM-Standards-Landscape-

Explorer.html) and plan to keep them up to date.  

The researchers are also planning to evaluate the adoption 

of standards in industry to identify further needs and usage 

of the dashboards as a support for standards adoption. 

Figure 7: Clusters of standards in the network graph of BIM 

standards 

 

Page 368 of 605

https://ec-3.org/BIM-Standards-Landscape-Explorer.html
https://ec-3.org/BIM-Standards-Landscape-Explorer.html


Moreover, an empirical usability-based study will be 

performed to test how dashboards can  facilitate 

awareness, comprehension and selection of relevant 

standards by the users. For example, the researchers will 

seek to add a dashboard that will merge multiple options 

(roles/phases/topics to be crossed referenced) and the 

revision of standards will be added to the chronological 

evolution.  

Finally, it would be useful to perform further analysis 

using more granular topics on abstract wording and to 

develop word clouds showing chronological evolution of 

concepts to support standards update and the development 

of new standards. 
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Abstract 

This paper presents findings from a preliminary review of 

the status of training and certification in computing in 

construction. A review of the academic literature, market 

trends, and a questionnaire-based survey validate the 

demand for training and certification in computing in 

construction. The findings reveal the need for a detailed 

articulation of areas within computing and construction 

that require training and certification. There is an 

expectation that academia and professional associations 

will lead training and certification to ensure quality. There 

is a need to train and certify trainers to ensure quality and 

build capacity to decentralize the training and certification 

ecosystem. 

 

Introduction 

Over the last three decades, computers and computing has 

pervaded nearly all industries including significant 

inroads of computing, Information technology (IT), and 

digitalization in the Architecture, Engineering and 

Construction (AEC) sector. Beginning with Computer-

Aided Design (CAD) tools in the 1990s to wider 

dissemination of Building Information Modelling (BIM) 

in the 2010s, computational tools were typically designed 

such that the AEC professionals could use the tools for 

their activities as CAD or BIM users and modellers, 

without necessarily needing to know details of the 

computing process or software programming. At the same 

time, many commercial and non-commercial tools and 

applications were also designed to allow AEC 

professionals with computing and software knowledge 

and skills to extend, customize, and further develop the 

tool’s capabilities and functionalities. In parallel, during 

this period, professionals from a computing background 

have contributed to the research and development of the 

AEC domain-specific software and applications over the 

years. Now, with growing digitalization in AEC in recent 

years across multiple areas ranging from CAD and BIM 

to the growing use of Artificial Intelligence (AI), Machine 

Learning (ML), Data Science (DSC) and the Industry 4.0 

approaches, there is unprecedented growth and need for 

computing knowledge, skills, and abilities in the AEC 

sector. Therefore, this paper focuses on the topic of 

training and certification for computing in construction.  

The topic of computing in construction has increasingly 

become mainstream research and educational area in 

itself. While the Journal of Computing in Civil 

Engineering was established way back in 1987, 

highlighting the early recognition of computing in 

construction as a research field, the formation of 

BuildingSMART International, formerly known as 

International Alliance for Interoperability (IAI), in 1994 

demonstrated the emerging significance of computing in 

the commercial AEC software domain. However, the 

establishment of bodies such as the European Council of 

Computing in Construction (EC3) in recent years reflects 

the growing maturity of computing in the construction 

field at the interface of research and development, 

education, and practice. While research and development 

around computing in construction have existed over the 

last couple of decades, in recent years, there appears to be 

an exponential growth in the demand for trained personnel 

in a range of computing in construction topics to work 

across both industries and academia. Hence, this paper 

specifically focuses on investigating the status and 

demand for training and certification for computing in 

construction, especially in Europe. 

Background and Context 

The growing significance of the topic of computing in 

construction is reflected in the publication trends, 

emerging new courses and programs at the academic 

institutions, online courses offered by different training 

providers, training and certifications offered by 

professional and industry associations, training and 

certification offered by software providers, and so on. The 

trend is further reinforced and observed in the objectives 

and projects funded by the European Commission as well 

as other collective efforts such as the formation of EC3. It 

is important to note that as certification processes include 

training programs of various content and duration, and 

training courses grant certifications of different level and 

value (e.g. from degrees to certificates of participation), 

training and certification tend more and more to 

considered as parts of a single process, rather than two 

distinct ones. More importantly, computing in 
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construction remains an umbrella term that covers a wide 

range of knowledge, skills and abilities across a range of 

topics, even though some specific topics such as BIM may 

have received more targeted effort. For the purpose of this 

research, “computing in construction remains” remains 

purposefully a broad umbrella term subject to individual 

interpretation instead of adopting a specific definition 

within rigid bounds. While this approach indeed groups 

altogether quite different fields of computing in 

construction (e.g. CAD, BIM, machine learning, etc.), it 

was deemed appropriate for two reasons. First, because, 

these fields often collide in everyday’s practice thus 

rendering boundaries between them rather 

indistinguishable. Second, because, this research, 

ultimately, seeks to understand the general trends 

observed in training and certification from a broader 

perspective, as reflected in both within and outside the 

academic settings. 

Furthermore, as noted by some authors, there are semantic 

and pragmatic differences in terms such as certificate and 

certification. For the purpose of this research, the authors 

not delve into these differences yet, allowing the audience 

reviewers and research participants to use these terms 

interchangeably. In addition, the authors recognize that 

given the wide-ranging topics under the computing in 

construction umbrella term, multiple certification 

modules and mechanisms will have to be considered in 

practice. While acknowledging these issues, the authors 

also recognize that the current research objectives are still 

at a broader level, asking them questions such as ‘do we 

need certification’, before even venturing into the details 

such as, how. 

Research Methodology  

This research seeks to build a preliminary understanding 

of the status of training and certification in the areas of 

computing in construction. To achieve a broad, 

comprehensive and holistic view based on the 

complementarity of results, the research design 

incorporates the following diverse tools: 

1. Literature review: A preliminary literature review is 

conducted within the academic literature, including 

both journal and conference papers. The papers were 

initially collected via search using keywords such as 

“certificate, “certification”, “education”, “training”, 

“accreditation”, “competence”, “construction skills”, 

“computing in construction”, “IT in construction”, 

“digitalization in construction”, and “BIM skills”. 

Initial filtering of the collected papers was done 

through a qualitative review of the abstract to assess 

the relevance of the paper. The shortlisted papers 

were qualitatively analysed to identify the broad 

patterns in the data. 

2. A desktop review for market trends: A preliminary 

desktop review was conducted using online searches 

outside academic databases or outside of academic 

articles. The search used similar keywords as used for 

querying academic articles, but all relevant websites, 

online forums, online training providers,  company 

brochures, communities reports, etc that appeared 

and were found to be relevant were considered for 

review. This part of the review was conducted to 

assess patterns and market trends in training and 

certification for computing in construction outside of 

the academic boundaries.  

3. An empirical survey was conducted to investigate 

the current state of educational certification in 

computing in construction. The survey was based on 

Colvin et al. (1980), which focused on assessing the 

requirements of higher education reading 

certification. The survey by Colvin et al. (1980) was 

chosen as the base of this study because educational 

researchers internally and externally validated it. The 

survey was composed of three parts. The first part 

asked for participants’ Demographic information, 

such as age, gender, location, current employer (e.g., 

professional organization, governmental 

organization, academic institution, etc.), current role, 

years of experience, and if their educational 

institution taught courses related to computing in 

construction. The last question of the Demographic 

section asked if the participant’s country offered 

some certificate for computing in construction 

education. Based on the answer to this previous 

Demographic question, the participant was either 

taken to a Certified or Not-Certified and Certified 

section. The Certified section asked: what type of 

organization provides certification (e.g., professional 

organization, governmental organization, academic 

institution, etc.), who is the certificate for (e.g., 

undergraduate, graduate, faculty, etc.), and how long 

was the certificate for. The Not-Certified and 

Certified section asked questions about the 

favorability and benefits of certification. 

Additionally, this last section also asked who should 

be responsible for providing certification (e.g., 

professional organization, governmental 

organization, academic institution, etc.), who it 

should be for (e.g., undergraduate, graduate, faculty, 

etc.), how long should the certificate be valid for, and 

if academics should be certified in teaching 

computing in construction. The goal of this survey 

was to capture early data related to the certification 

related to computing in construction. The terms 

certification was left vague to cast a wide net. 

Therefore, the survey needs to be expanded further to 

capture the different types of certifications, the 

methods of achieving the certification, and topics 

covered in the certification.  

Survey Administration 

The survey was administered online with the use of 

Google Forms. The survey was sent to the members’ 

email list of the European Council on Computing in 

Construction, the BuildingSMART Professional 

Certification, and the Co-operative Network of Building 

Researchers. The selection of the specific organizations 
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aimed at the collection of data from various audiences 

(i.e., professionals, academia, etc.) to avoid bias in the 

research results. The survey was emailed to these 

members on the 12th of November 2021 and was closed 

on the 12th of December 2021. The survey was open to 

anyone that was part of the mailing list and no limitations 

on age, gender, role, etc., were put on the responses. A 

total of 46 responses were collected, however, one 

response had to be discarded as the respondent did not fill 

out the questionnaire but only added their email address. 

Therefore, only 45 responses were analyzed.  

Results and Findings  

Summary and Findings from the Literature Review 

Charef et al., (2019) acknowledge that BIM adoption, 

maybe the most discussed aspect of computing in 

construction, has turned from a novelty to a necessity 

(especially in the EU), thus rendering quite obsolete that 

part of previous research arguing about its need. Smith 

(2014) and Wen et al., (2021) present an informative 

review of the BIM implementation progress that supports 

the previous statement. Therefore, this literature review 

has built upon previous similar attempts that were 

published only in the last five years to summarize their 

findings and set the basis for the most recent and fresh 

views on the field. The search of sources was limited to 

SCOPUS database, which is considered credible and rich, 

in terms of content, source of publications (Charef et al., 

2019). The search that was based on the keywords 

mentioned in the “Research Methodology” section 

returned 12 representative publications that when 

thoroughly studied have proven adequate in, collectively, 

covering a significant part of the respective field and, 

adequately providing an insight into the specific issues of 

interest in the context of this preliminary stage of the 

research. 

The literature review’s objective was to identify the 

current situation of the AEC industry in relation to 

education, training, and certification on computing in 

construction as tracked through research. The comparison 

of the findings with those of other approaches on the same 

objective would help in the formulation of a preliminary 

view of the respective challenges and opportunities, 

especially in the European context. Therefore, the 

literature review’s findings are the following: 

 Digital methods, technologies, and tools are 

becoming more prevalent in the AEC industry due to 

their positive impact on efficiency, productivity, risk 

mitigation and, eventually, profitability in projects’ 

execution (Anderson et al., 2020; Charef et al., 2019; 

Uhm et al., 2017). This development coupled with 

other current societal needs gradually creates new 

content for engineering education and profession 

(Lupi at al., 2022). Moreover, the growing 

familiarization of construction management staff 

with the new roles or the development of traditional 

ones based on the introduction of IT in construction 

promotes a new organizational plan that will 

gradually prevail over existing ones (Bosch-Sijtsema 

et al., 2019). This plan is further supported or formed 

by the implementation of proposed protocols that aim 

at specializing roles in the new context of 

construction projects delivery (Ariyachandra et al., 

2020). 

 Projects in the AEC industry are increasingly taking 

place in distributed environments, often 

internationalized (Charef et al., 2019), where 

knowledge and information are shared and 

reproduced and collaboration among various 

stakeholders that work in distributed teams is 

imperative (Ariyachandra et al., 2020; Anderson et 

al., 2020). 

 Conceptual knowledge of digital methods and 

technologies is more important for the AEC industry 

compared to the sole acquirement of application 

skills as it can build the necessary background for 

developing diverse competencies that emerge in a 

still advancing environment (Lee et al., 2021; Bosch-

Sijtsema et al., 2019; Yakami et al., 2018; Uhm et al., 

2017). Obtaining a knowledge acquisition rather than 

a skill development approach is compatible to 

proactive skill development, which is critical for 

achieving adaptability in an advancing professional 

environment (Ostmeier & Strobel, 2022; Bosch-

Sijtsema et al., 2019). 

 Accreditation bodies in the field are adjusting to 

address the requirements of the new environment, 

thus bringing forward the need for training and 

education in computation in construction (Anderson 

et al., 2020), especially for new roles and disciplines 

that are added to the traditional ones in the 

construction process (Ariyachandra et al., 2020).   

 Certifications, in general, are not yet a requirement 

for employability in the construction industry, 

although they can be acknowledged as valuable tools 

for career advancement. Especially certifications in 

computing in construction are even less required even 

in mature industries such that of the US (Barrows et 

al., 2020), while standardization is not concurrently 

advancing throughout the EU (Charef et al., 2019). 

An important aspect is the relatively short period of 

existence of such certifications, which has not 

allowed them to become widely accepted by the 

profession and the public at large (Barrows et al., 

2020). 

The findings from the preliminary review raise a number 

of important issues, which, when analyzed against the 

findings from other sources, can provide an indication of 

the opportunities and priorities in advancing the field of 

training and certification for computing in construction. 

Summary of findings from the desktop review of 

market trends 

A preliminary desktop review of market trends in 

certification and training suggests rapid growth in training 
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providers in the last decade. Commensurate with the 

general trend of the dominance of BIM in computing in 

construction literature, a significant portion of the offered 

training programs and certifications, both online and 

offline, are targeted towards BIM. Almost all notable BIM 

software vendors (e.g. Autodesk, Bentley, Trimble, 

Graphisoft) offer their own training and certification. In 

addition, several private BIM and computing-related 

courses, training modules, and certifications are being 

offered, besides the courses accredited and/or offered by 

construction and professional associations (e.g. Canadian 

Construction Association, Associated General 

Contractors of America). 

In addition, several free and paid online training courses 

are available, though certification is typically associated 

with paid online programs. Given the range of courses that 

are cropping up at local levels (physically) as well online 

courses by independent private actors, the quality control 

and standardization of offered modules remains a 

concern. Nonetheless, the rapid growth in the number of 

actors, both formally recognized and unrecognized actors, 

suggests that there is demand from practice where skill 

sets are more important than the authenticity of the 

training provider. Moreover, the variety in training 

modules, courses and their structure reaffirms that a range 

of different certification and training areas within the 

broader umbrella of computing in construction needs to 

be considered.  

More recently, both online and offline training courses 

have also begun to emerge in other areas of computing in 

construction, extending beyond BIM to areas such as 

generative design, analytics, machine learning and 

general Information technology and programming skills 

for AEC professionals. Though the number of such 

courses is relatively much small compared to the number 

of courses on BIM, the market trend also indicates 

growing demand for computing in construction training 

and certification that extends beyond BIM and such 

established areas.  

Results from the empirical survey  

This section briefly summarizes the key findings from the 

surveys in the form of descriptive statistics, and wherever 

applicable, a qualitative interpretation of the patterns 

observed in the responses. 

Demographics 

Based on the 45 responses that were analysed the average 

age was 41, a more detailed breakdown of the age 

distribution can be found in Figure 1a. The average age of 

academics was 45 years and that of members of 

proprietary organizations was 30 years. The gender 

distribution reflected current trends in the construction 

industry and academia. A total number of 37 males, 7 

females, and 1 undisclosed answered the survey, see 

Figure 1b. The ratio of female to male respondents (9.5%) 

was lower in academia than the ratio for industry members 

(44.4%). The sample size was composed of the majority  
 

(a) 

 
(b) 

(c) 

(d)  
Figure 1: Demographic Results 

of academics (64.4%) and/or industry members (37.7%), 

and/or a few members of professional and proprietary 

members (4.4%), see Figure 1c. Some respondents were 

both working in the construction industry and academia, 
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hence they were considered in both groups in these 

cases.Figure 1d illustrates the country-wise distribution of 

the respondents, with the Netherlands having the highest 

number of respondents (a total of 5) and Switzerland 

second (a total of 4). When asked if academics were 

teaching courses related to computing in construction, 36 

answered “Yes”, 6 answered “No”, and 3 answered, 

“Don’t Know”. Lastly, when asked if their country 

offered a certificate for computing in construction 

education 16 answered “Yes”, 20 answered “No”, and 9 

answered, “Don’t Know”.  These results illustrate the 

further study needs to be conducted to expand the 

demographic and capture additional data from 

professionals, governmental institutions, and proprietary 

organizations. 
 

Existing Certification 

Certification within an educational or training scenario is 

considered important. Certification is a way to attest one’s 

level of knowledge or competence in the specific domain 

of the profession. BIM is considered one of the digital 

innovations that have influenced the construction industry 

at large. Different training providers have their own 

certification scheme depending on the verse, content, and 

procedures of training. BuildingSMART International as 

an organization that looks toward the overall global BIM 

standardization and development focuses on the 

certification scheme. To understand the need for 

certification for computing in the construction industry, 

BIM certification schemes and processes were 

investigated by the authors. However, to understand the 

user perception of certification in computing in 

construction, the participants were provided with the 

possibilities to answer to (i) if such certification is 

existing, (ii) for whom the certificate is provided, (iii) 

validity of certificates, and (iv) if the academics teaching 

computing in construction is certified. The survey results 

show that both academic organizations and professional 

organizations are offering certification through their 

training and education schemes, see Figure 2a - 2d. The 

respondents also note the product-specific training and 

certification being provided by proprietary organizations 

such as Autodesk and Graphisoft. The survey results also 

show that a large part of reported certifications in 

computing and construction are either at the postgraduate 

level or for professionals. In addition, most of the 

certification is reportedly valid for an unlimited period, 

which must be investigated given that computing-related 

domains tend to require frequent upskilling and training. 

Further, nearly half of the respondents reported that 

academics teaching computing in construction have some 

sort of certification. 

Desirability and perceived usefulness of Certification  

The last section of the survey sought respondents' 

perception of the desirability and usefulness of some sort 

of certification in computing in construction. An 80% of 
 

(a) 

 
(b)  

  

(c) 

(d)  
Figure 2: Results from questions on existing certification 

of respondents express desirability of such certification, 

with 40% marking it as “Very Favorable” while the other 

40% marking it as “Favorable” (40%), see Figure 3a. 

While 17.8% were “Neutral” towards the desirability of 

certification, only 2.2% marked it to be “Very 

Unfavorable”. Consistent with the responses on the 

desirability of the certification, 75.6% of respondents also 

expect such a certification in computing in construction to 

be beneficial (40%) or very beneficial (35.6%), see Figure 

3b. While a 20% express “Neutral” sentiments towards 

potential benefits of such certification, only a 4.4% 

perceive it to be non-beneficial. The respondents have a 

strong preference for certification from established 

organizations as compared to online training providers or 

proprietary software companies. An 80% of respondents 

favour certification from academic organizations, a 66.7% 

Page 374 of 605



favour certification from professional organizations, and 

42.2% favour certification from governmental 

organizations, see Figure 3c. The corresponding numbers 

for online certification providers and proprietary software 

companies are as low as 12% and 8% respectively. With 

regard to the target groups to certify, 91.1% believe that 

there should be certification for professionals, while 

77.8% believe that there should be certification for 

graduate students, see Figure 3d. The corresponding 

numbers for certification of undergraduate students and 

faculty are 28.9% and 37.8% respectively. With regard to 

the desired validity period of the certification, a 3–5-year 

validity period was most desirable, with 33% preferring a 

5-year period of validity and 22% preferring a 3-year 

period, Figure 3e. While 18% of respondents prefer 

unlimited validity, the survey responses clearly indicate 

that most respondents recognize that unlimited validity of 

certification may not necessarily be a good idea in a 

domain like computing in construction. Finally, most of 

the respondents (64.4%) believe that academics teaching 

computing in construction topics should have a 

certification, see Figure 3f. 

Discussion and future work   

The results from this preliminary study confirm the 

growing need and demand for certification and training in 

computing in construction, both across industry and 

academia. The independent findings from each of the 

three research datasets, namely, academic literature, 

market trends observed online, and a preliminary survey 

conducted with academics and professionals 

independently establish the demand for certification and 

Figure 3: Example of a double-width image 
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training in computing in construction. Collectively the 

findings from each of the three approaches validate the 

results obtained so far and reflect some common patterns 

with regard to the opportunities and challenges that need 

further investigation.  

First, while there is a general recognition that computing 

and construction is an umbrella term that accounts for a 

range of competencies, expertise areas, and skill sets, a 

large part of training and certification in this area is still 

concentrated towards BIM training and certification. 

Hence, there is a need to define and outline what 

‘computing in construction’ means and what kinds and 

levels of training and certification are required in the 

various sub-areas associated with computing in 

construction. 

Second, findings suggest that with the increasing demand, 

several different actors have emerged who are offering 

training and certification, with limited checks and 

balances to ensure quality. Despite the uncertainty of 

quality, the market trends suggest that people are getting 

trained and certified through multiple channels. Whereas 

the survey results suggest that people seek quality 

assurance through training and certification organized by 

academic institutions and professional associations. Thus, 

it appears that there is inadequate training and 

certification on computing in construction from academia 

and professional associations now. At the same time, it 

appears the construction sector benefits from the 

decentralization of training and certification, where 

private actors also actively play their part in training and 

certification. Therefore, to benefit from such a 

decentralized training and certification ecosystem, novel 

mechanisms of quality control and quality assurance may 

be required.   

Third, the findings suggest that majority of the certificates 

offered currently are valid for a lifetime, whereas in a field 

like computing in construction, the tools, processes, and 

skillsets may need regular up-gradation because of the 

pace of development in these areas. These findings 

suggest that the current training and certification 

ecosystem is inadequately planned, and calls for a 

rigorous SWOT (Strengths, Weaknesses, Opportunities, 

Threats) analysis to plan the way ahead.  

It should be noted that despite the empirical survey’s 

design, the academia’s views on the topic could create 

some bias in the above-mentioned research’s results.    

Propositions for future work 

The findings from this study also suggest that the current 

training and certification are geared towards individuals, 

either students or professionals, with the objective to 

impart and recognize their competence to work in these 

areas. In contrast, given the demand for training and 

certification, it appears that there is also the need to train 

and certify actors who can train and certify others such 

that the decentralized training and certification ecosystem 

offers greater quality control and quality assurance. 

Therefore, it is proposed that the research and 

development efforts on training and certification in 

computing in construction adopt a holistic view, targeting 

different audiences, including institutions and 

organizations, teachers, and instructors, and working 

professionals and students, as summarized in Table 1.  
 

Table 1: Proposed approach to enhance quality in 

decentralized training and certification ecosystem 

 

Certification 

module 

Target 

group 

Value 

proposition 

Mechanisms 

& steps 

towards 

certification 

Course 

accreditation 

and 

certification 

Higher 

education 

institution

s and 

organizati

ons 

Accredited 

courses- 

Quality 

check. 

Receive 

support and 

guidance, if 

required.  

Audit review, 

recommendat

ion reports, 

training, and 

certification 

Trainer 

certification 

Teachers 

and 

Instructor

s 

Validation 

of expertise 

and ability 

to teach.  

Review, 

exams/ 

interviews, 

and trainer 

training 

programs 

Skill and 

knowledge 

certification 

Students 

and 

professio

nals 

Training & 

recognition 

of skills, 

knowledge, 

and abilities  

Direct exams, 

course 

modules 

For instance, a neutral, non-profit association such as the 

EC3 can offer independent quality checks, accreditation 

and training to institutions and organizations that offer 

courses, training, and certification in computing in 

construction. Such institutions and organizations may 

require an independent assessment, accreditation, and 

support, especially when the requirements may change 

more frequently than the traditional courses. Similarly, 

the training and certification of teachers and instructors 

can follow the “training the trainer” approach. Such an 

approach can be particularly useful in the decentralization 

effort by creating a pyramid model that can allow rapid 

scaling to meet the increasing demand for training and 

certification in the emerging areas of computing in 

construction.  

The proposed approach is likely to benefit the different 

stakeholders in different ways. For instance, institutions 

can expect validation of their courses, which in turn can 

lead to greater program attractiveness, marketability, and 

greater employability of students graduating from their 

programs. Similarly, trainers, teachers and instructors 

may benefit from the formal recognition of their expertise 

and ability to teach, which will enhance the marketability 

of their courses, while also enhancing their potential 

employability in the training and certification ecosystem. 

Whereas the typical benefits for students and working 
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professionals are already well documented, including the 

acquisition of new knowledge, skills and abilities; and the 

potential for greater employability. Overall, the industry 

can benefit in multiple ways, including access to trained 

and certified professionals who can take the industry 

forward with the knowledge, skills and abilities in the 

different areas of computing in construction. Nonetheless, 

the proposed benefits are conjectures that need further 

research and investigation. 

Conclusions 

The research findings suggest the need for a sustained 

effort in formulating the training and certification 

requirements and mechanisms in computing in 

construction. Four major areas of concern emerge, which 

need detailed investigation. First, how do we define the 

different areas and sub-areas of computing in construction 

that require training and certification modules. Second, 

how do we create mechanisms to meet demand-supply 

balance in the rapidly growing areas of training and 

certification in computing in construction. Third, how do 

we help academia and professional associations in taking 

the lead in ensuring quality control in the range of online 

and offline courses offered by different actors, while at 

the same time allowing decentralization such that there 

are enough certified trainers to meet the demand-supply 

gap. Fourth and last, what kind of roles can associations 

such as EC3 play in creating an effective training and 

certification ecosystem in the areas of computing in 

construction. The next steps of this research will seek to 

provide credible answers to these areas of concern in the 

benefit of the AEC community.  
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Abstract 

Digitalization in higher education has become an 
unprecedented demand in recent years, especially under 
exigent circumstances, such as the recent COVID-19 
pandemic. New formats and platforms for learning objects 
must be devised to conform with decentralized learning 
demands. Parametric modeling and mixed reality (MR) 
technology provide a sound basis for designing virtual 
learning environments. This paper presents a MR 
application to experience (immersive) virtual learning 
environments for structural engineering students by 
visualizing structural analysis results as interactive 
holograms. Different experiment phases and modes are 
explained in detail, followed by a discussion on further 
extension possibilities to the MR application. 

Introduction 
In recent decades, with advances in information and 
communications technology, new learning concepts such 
as E-learning and blended learning have been introduced 
and spread across several education institutes and 
disciplines (Tlili et al., 2021). A learning object is a digital 
or nondigital entity, which is devised for learning, 
education or training. Learning objectives and 
frameworks play a key role in selecting the most suitable 
learning objects (IEEE Standard for Learning Object 
Metadata, 2020). Conventional learning objects are 
progressively transformed into digitized formats, while 
digitalization in education has founded new formats for 
learning objects, such as computer-generated models, 
virtual classrooms, and holographic teaching (Paredes & 
Vázquez, 2020). Technology-enhanced learning 
environments offer several benefits, namely in terms of 
interoperability of course materials, re-usability and 
modifications, and decentralized learning experiences. 
However, accessibility, whether in terms of open-/closed-
source means or platform/device dependency, poses 
challenges for both educators and students (Sandanayake, 
2019). Yet another drawback when considering modern 
learning objects is the complexity, which is perceived 
with respect to workload (skills and time) required for 
preparing a learning object. 

Virtual, augmented, and mixed reality (VAMR) 
applications, as a subset of computer-generated learning 
objects, have been widely implemented in various 
educational fields (Matišák et al., 2020). For example, 
various applications have been employed in healthcare 
education and medical treatments, which are proven as 
effective tools for interactive and immersive trainings 

(Gerup et al., 2020). Moreover, similar research efforts on 
VAMR applications have been conducted in diverse 
research fields, such as aviation, robotics, and industrial 
engineering, with the sole objective to evaluate 
effectiveness and quality of immersive experiences, both 
in training and in practice (Bartik et al., 2019). In the 
architecture, engineering, and construction (AEC) 
industry, the VARM applications can offer a wide range 
of implementations in different operational phases, from 
design and planning to fabrications and maintenance 
management. However, VARM applications are not yet 
employed as a common tool in practice (Cheng et al., 
2020; Tayeh & Issa, 2020). In recent years, several 
implementations of VARM applications for AEC 
education and training have been conducted and reported 
(Wang et al., 2018).  

In a previous work, existing guidelines for designing 
educational multimedia environments have been 
reviewed to derive categories of design principles suitable 
to transform to MR learning environments (Yepes et al., 
2020). Later, learning scenarios from the field of 
structural mechanics were implemented for engineering 
education use and the examined motivational and 
cognitive parameters resulting from user studies were 
evaluated by means of success control (Krischler et al., 
2021). Building up on this application, further 
developments to investigate the learning behavior and 
corresponding control variables in an experimental setting 
for the target group of civil engineering students, have 
been conducted within the AuCity2 project. Turkan et al. 
(2017) have developed an iOS-based AR application for 
mobile devices that can be used for teaching structural 
analysis concepts leveraging holographic 3D models. 
Another notable example is the use of audiovisual 
learning objects in the PARFORCE research project, 
where 360-degree and 180-degree 3D footages from lab 
experiments are exhibited on virtual reality (VR) glasses 
and smartphone devices (Abrahamczyk, 2022). The 
project aims to develop an open-access VR environment 
to be used for collaborative and interactive virtual 
experiments in the field of civil engineering. Similar use 
cases, distinctively in AEC teaching, confirm the 
applicability and effectiveness of VARM applications 
leveraged for virtual learning environments (Torres et al., 
2021). 

This paper presents an immersive virtual experiment 
designed for structural engineering students. Within the 
scope of our main project, we aim to explore the 
utilization of VARM technologies in engineering 
education as a complementary tool to the usual curriculum 
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and to investigate the effects attributed to incorporating 
enhanced learning environments in comparison to 
traditional learning methods. By developing VARM 
applications and conducting user studies with the desired 
target groups, we hope to gain insights into the 
motivational and cognitive parameters to further improve 
the use of such technologies within the realm of 
educational institutions. In this experiment, students can 
randomly define virtual structural elements that overlap 
with real world objects, can manipulate geometrical and 
structural parameters, and can select the desired structural 
analysis results to be visualized. Parametric modeling and 
mixed reality tools are used to develop a holographic view 
of structural analysis results based on user inputs. For 
visualizing holograms, the Fologram application is used 
on smartphones and Microsoft’s HoloLens AR glasses. 
The objective of the current application is to enable the 
user to experiment with different structures by defining 
the number of nodes and elements, the loads as well as the 
degrees of freedom. Through the instantaneous overlay of 
the forces and deflection curves as holograms, the user 
can see and compare results of different models. The MR 
application is defined using the parametric design plugin 
of the Rhinoceros 3D software, the Grasshopper plugin. 
Background information on concepts and tools used for 
developing the MR application is briefly discussed in the 
following section. The rest of the paper demonstrates the 
parametric model forming the virtual experiment in detail, 
discusses experiment results from student trials and 
experiment limitations, followed by conclusions on the 
MR application and potential future improvements. 

Theoretical background on parametric 
modeling 
Parametric modeling in computer-aided design (CAD) 
refers to models, in which design features and constraints 
are adaptive and can be modified. Unlike direct modeling, 
geometrical and analytical parameters in a parametric 
model can be adjusted, either through random 
assignments or by pre-defined list of values. Thus, the 
parametric design approach can offer vast flexibility 
through automatic updates to the model, while averting 
the need for starting a model design from scratch (Harries 
et al., 2019). In addition to design iteration and 
automation, parametric modeling can facilitate platform 
design for a family of products, while integrating 
processes that reduce the production time. However, 
when compared to direct modeling, parametric modeling 
has few drawbacks, such as lack of interoperability 
(platform-dependent designs) and ease of use (higher 
design effort) (Chang, 2015). Fu (2018) has listed 
methods, software tools, advantages, and challenges of 
parametric modeling in CAD for complex structures. 

The use of parametric modeling in engineering and 
architectural education can enable students to explore 
multiple design alternatives in early stages of learning, 
which in turn can lead to a deeper understanding of design 
outcomes, i.e., the impact each variable may have on a 

model design as well as relationships between parameters. 
Internalizing relationships between variables and 
outcomes has been proven effective for understanding 
design processes in a case study by Agirbas (2018). The 
difference in thinking in terms of parametric design and 
the cognitive impact through the parametric design 
adoption have been identified in the work by Oxman 
(2017). Yu & Gero (2016) have analyzed the cognitive 
behavior of architects at different design stages in an 
empirical study by comparing their use of parametric 
design to geometric modeling in similar tasks. The 
findings were further evaluated in terms of produced 
outcomes and performance in a later work, which outlines 
the many benefits of using parametric design (Yu et al., 
2018). 

There are several software tools that can be used for 
parametric modeling. For example, Solidworks is a 
powerful tool for parametric design in mechanical 
engineering, or Creo Parametric is a very well-known 3D 
modeling software for industrial designs. Rhinoceros 3D 
is a modeling tool used in various industries for both 
direct and parametric modeling. The Grasshopper plugin 
in Rhinoceros 3D is a visual programming language used 
for parametric modeling. Grasshopper offers various 
components for describing geometries, generative 
algorithms, and integrated scripts, thus, provides a user-
friendly, flexible, and efficient environment to parametric 
designers. There are several add-ons already developed 
for Grasshopper, which can integrate more functionalities 
and components for desired use cases. For example, the 
Kangaroo2 add-on is used for simulating, optimizing, and 
constraint-solving lightweight structures (e.g., 
membranes) and the ShapeDiver is used for exporting and 
visualizing adaptive models on web applications. 

In mixed reality, parametric modeling can be used to 
design an adaptive virtual experience. Through user 
interactions, virtual objects may be (re-)placed in different 
positions or may be later modified. However, there are 
currently limited practical tools that can visualize 
structural parametric models on AR/VR wearables. For 
example, Coppens et al. (2019) have developed software 
components to connect parametric models to VR 
headsets, and have showcased an immersive virtual 
environment for a building model that can be modified 
through pre-defined list values. Fologram is a toolkit that 
can instantly visualize Rhinoceros and Grasshopper 
models on HoloLens AR headsets or smartphones. Model 
geometries, layers, and material parameters can be 
synchronized with the Fologram application on the 
connected device (Fologram toolkit, 2022). Various 
applications of Fologram toolkit have been reported in 
research projects. For instance, Belesky et al. (2020) have 
used Fologram for holographic visualization of AR 
information on a live sandbox landscape in real time. Also 
in practice, many successful implementations of 
Fologram can be found, e.g., the MR application for 
construction of curved benches and the Steampunk 
installation (Albajar, 2019; Jahn, 2020). The Fologram 
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add-on facilitates connection of multiple devices at the 
same time and offers various Track components for hand 
gestures (only on HoloLens glasses), pointers, scans, and 
device states. Parameters, material, and geometries may 
be synchronized with all connected devices through Sync 
components. Any changes to the synchronized 
parameters, material, and geometries on connected 
devices are in turn reflected on the Grasshopper model in 
real time. Details on Fologram components and use cases 
are well-documented and can be found on Fologram 
community online (Fologram Community, 2022). 

Karamba3D is a powerful Grasshopper plug-in for 
parametric finite element calculations in structural 
analysis and coupled optimization algorithms. 
Components for defining structural elements, such as 
supports, beams, and shells, along with components for 
describing load cases, materials, cross section properties 
are included in the Karamba3D plug-in. Algorithms, such 
as linear and nonlinear structural response, cross section 
optimization, buckling and internal forces evaluations are 
already available as analysis components. However, when 
desired, Grasshopper Script components can be used to 
integrate further finite element functionalities of interest. 
In Karamba3D, structural analysis results are defined 
through various components with meshes, curves, and 
vector outputs, e.g., the Beam View component can return 
meshes of the rendered beam element and sectional forces 
as curves. Fologram Sync components can be used to 
visualize holographic view of geometries and analysis 
results generated by Karamba3D plug-in (Karamba3D 
parametric engineering, 2022). 

MR application for holographic experiments 
This section describes the Grasshopper parametric model 
designed for the MR application for structural analysis 
experiments in detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The MR application comprises four sequential phases, 
i.e., spatial mapping, point selection, model definitions, 
and model analysis phases, which are explained in the 
following subsections. An overview of the MR 
application phases and their respective order is 
schematically depicted in Figure 1. It is worth noting that 
HoloLens1 and HoloLens2 AR glasses are considered as 
main devices for testing the MR application; however, the 
MR application can also be used on smartphones. 

Spatial mapping 

The first phase in the application is set for 3D 
reconstruction of the surrounding real environment, i.e., 
registering geometries in form of meshes or point clouds. 
This process in AR/MR applications is called spatial 
mapping. Through meshes, all surfaces are scanned and 
collected as a set of triangles with registered vertices and 
planes. As the user equipped with a pair of HoloLens 
glasses starts the mapping phase, holographic meshes 
appear spreading over the scanned space. For accurate 
scans, it is advised to slowly move around the 
environment, looking in all directions while going over 
areas of interest multiple times. Spatial mapping is of 
great importance for an immersive MR experience, in 
which occlusion of virtual and physical objects are to be 
set correctly. 

In the parametric model, the Fologram component Track 
Scan collects meshes scanned by HoloLens glasses. As 
the user moves around in the real world and more meshes 
are registered, the number of meshes as the output of 
Track Scan component increases. As soon as the spatial 
mapping of areas of interest is completed, the user can 
change the model phase from a list value. Using the Sync 
Parameter component, a list value containing application 
phases is defined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Overview of the MR application 
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The list value appears as a holographic drop-down menu 
under the parameters tab on the Fologram application on 
HoloLens. Figure 2 showcases a spatial map, which was 
tracked by Fologram plug-in on Grasshopper and was 
visualized in Rhinoceros in real time. 

 
Figure 2: A spatial map of scanned surfaces and objects (a.) 

and the respective wireframes (b.) in Rhinoceros3D 

Point selection 

Following the spatial mapping phase, the user must select 
reference points for defining structural elements. Points 
are selected either within the scanned space or are aligned 
to surfaces and objects, i.e., are snapped to scanned 
meshes. For the latter, mesh outputs of the Track Scan 
component are jointed as one mesh entity. Using 
Fologram Track Pointer component, users index finger is 
being tracked as pointer rays. The Mesh Closest Point 
Grasshopper component is used to find the closest pointer 
ray to the scanned mesh entity. On press or by tapping, a 
point can be registered. Each selected point is set as a base 
plane for a sphere geometry with a given radius and is 
visualized on any connected device using the Sync Object 
component. Figure 3 displays an example hologram of 
points snapped on the mesh surfaces. 

So far, there are two experiment modes defined in the MR 
application: Beam and frame analyses. For the beam 
analysis, the user must select at least two points. 
Respectively, for the frame analysis four points must be 
registered. Extra points selected are automatically 
eliminated as soon as point selection phase is completed. 
A reset button is defined within point selection phase for 

erasing registered points; hence, in case of wrong 
selections or alignments, users can restart point selection 
phase easily. 

 
Figure 3: Random points selected by snapping to scanned 

surfaces (a.) and sphere alignment on the surface (b.) 

Model definitions 

In this phase, Karamba3D components are used for 
defining model elements, such as beams, cross sections, 
material properties, supports conditions, and load cases. 
Reference points collected from the last phase are used 
here for defining line segments among each pair of points. 
Then, the Karamba3D Line To Beam component 
transforms line segments into beams. It is worth 
mentioning that line segments when meeting at a common 
point are automatically connected. Through the Cross 
Section Range Selector component, a cross section shape 
and type according to international codes can be adjusted. 
Analogously, the Material Selection component specifies 
material types and classes. 

A support can be defined using the Karamba3D Support 
component, which is defined by position index (i.e., 
point), orientation plane, and integers indexing degrees of 
freedom to be fixed. By synchronizing indexes using 
Fologram Sync Parameter component, users can 
manipulate support conditions. Karamba3D can define 
various load types and combinations, such as gravity, 
point, and distributed loads, as well as initial strains and 
prescribed displacements. In the MR application, users 
can toggle between different load cases using pre-defined 
list values. Figure 4 partially illustrates model definitions 
used for the frame analysis mode. 

Model Analysis 

After defining and assembling model elements mentioned 
above, the model is ready for structural analysis. 
Karamba3D contains algorithm components, such as 
small deflections, large deformations, Eigenmodes and 
buckling modes analyses. To date, the MR application has 
been tested for performing first and second order small 
deflections analyses. Karamba3D components listed 
under Results tab are categorized in general model, beam-
specific and shell-specific components. The Mode View 
component is used to review current state of each model 
and can transfer deformed meshes, curves and 
displacements to a Beam View component for visualizing 
purposes. Legends and tags can be assigned to analysis 
results, which are represented using curve and mesh 
components. Further adjustments to analysis results, such 
as defining section force ranges, boundary conditions and 
maximum (absolute) values are conducted using 
Grasshopper components. Figure 5 presents an instance of  
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Figure 5: An instance of beam view settings for analysis results 

using Karamba3D and Fologram components 

component settings for model analysis results defined for 
the frame analysis mode. In this Figure, the Beam View 
component is set to show results for shear forces (Vz) with 
Filled settings for all load cases. Thus, the output Curves 
produces corresponding lines representing the Vz-
diagram, and output Mesh is producing the mesh area 

under the Vz-diagram. Each output is in turn visualized 
using the Sync Object component with different colors. 

Results and discussion 
To evaluate the MR application, several experiments have 
been conducted using HoloLens AR glasses and 
smartphones. In the following paragraphs, a set of test 
results is highlighted. 

A hologram of a beam element and respective model 
definition parameters are shown in Figure 6. Users were 
asked to change model definitions using synchronized 
cross section, material, load and support parameters. A list 
of values, appearing as a drop-down parameter on the 
Fologram application under parameters menu, helps users 
navigate through different material and cross section 
definitions. Load magnitudes can be altered using number 
sliders and for support conditions, a value list together 
with the State Gate component is used to provide five 
support combination scenarios. 

In the beam analysis mode, there are four load cases 
defined. For the desired load case, users can select the 
results to be viewed as deformed curves and meshes with 

Figure 4: Partial view of model definitions for an instance of the frame analysis mode 
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color legends and can retrieve maximum section forces 
and deformation values as text tags. For example, Figure 
7 shows bending moment results with respect to a point 
load applied in the middle of the beam element and Figure 
8 depicts shear force results due to a combination of 
distributed load (cases) and the applied point load. 

 
Figure 6: Hologram of a beam element and synchronized 

model parameters on the Fologram application 

 
Figure 7: Holographic view of analysis results for bending 

moments in a beam element with the maximum value 

 
Figure 8: Holographic view of analysis results for shear forces 

in a beam element with the maximum value 

Another group of students, who had tested the MR 
application for the frame mode, have submitted 
screenshots from the holograms on HoloLens AR glasses, 
as depicted in Figure 9. For better visualizations, the 
students have only exported the resulting curves with 
respect to section forces and the undeformed fixed frame.  

According to the feedback received from students, who 
have participated in testing the MR application, the virtual 
experiment featured in this project can offer the intended 
interactive experience to students. However, due to 
limited number of HoloLens AR glasses available at the 
laboratory and restricted lab access during the pandemic, 
some students could only test the MR experiment on their 
smartphones. Due to the higher quality of spatial mapping 
and possibility to use various hand gestures associated 
with more functionalities than on a smartphone, the MR 
application can be used with its full capacity on the 
HoloLens AR glasses. There are, however, two 
restrictions when using the MR application, i.e., device 
dependency and software license costs, which limit users’ 
access in practice. While collecting users’ feedback, the 
focus was put on testing the application integrity in 
producing holograms from model elements and analysis 
results, rather than on users’ comfort. Some students have 
reported problems when interacting with the parameter 
menu and navigating through synchronized parameters. 
This matter is to be addressed in the future to improve the 
robustness of the MR application. 

 
Figure 9: Holographic view of analysis results for bending 

moments (a.) and axial forces (b.) in a fixed frame 

Page 383 of 605



Conclusions 
A mixed reality application as an interactive and 
immersive virtual experiment for structural analysis has 
been presented in this paper. Background information on 
decentralized learning, new formats and platforms for 
learning objects suitable for a virtual learning 
environment, and few examples of VARM applications 
implemented for virtual experiments in AEC teaching has 
been presented. Later, parametric modeling tools and 
software packages implemented for developing the MR 
application have been elaborated in detail. The MR 
application has been designed using the Grasshopper 
plug-in for Rhinoceros 3D software as a parametric 
model, which is based on vital components from 
Fologram and Karamba3D add-ons for Grasshopper. 
Spatial mapping, point selection, model definitions, and 
model analysis have been discussed in detail as the MR 
application phases. Structural engineering students have 
conducted several tests on the MR application using 
HoloLens AR glasses and smartphones. The feedback 
from tests has shown that the MR application could 
correctly reconstruct the real environment, register user 
input parameters, perform analysis algorithms based on 
user-defined criteria, and visualize holographic view of 
analysis results in form of meshes, curves, and text tags. 
Shifting from the focus of this work of implementing an 
initial experimental setup with multiple modes for 
structural analysis visualization and testing the usability 
of such application, the next steps of development are 
intended to concentrate on the learning outcomes and 
cognitive load and behavior of users. In addition to the 
expansion of the structural analysis in the background in 
form of additional experiment modes, integration of extra 
algorithms and the use of control keys for higher user 
comfort, users should be enabled to interact with the 
created structural systems by changing the materials, 
geometry, degrees of freedom and loads to observe and 
learn the effects of these parameters. Empirical user 
studies must be conducted to explore the application’s full 
potential and later to compare resulted learning outcomes 
with traditional learning methods. Furthermore, the 
empirical studies could provide insights into the 
additional information needed to be presented in virtual 
environments and suitable learning objects with potential 
merit. 
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Abstract
In this paper, we report about our experiences on adapt-
ing ongoing laboratory research of a supervised Virtual
Reality (VR) study to a remotely conducted unsupervised
desktop-based application. Challenges in the context of
participant recruitment, pre-/post-test, and our application
are illustrated in conjunction with the corresponding trans-
formations. In addition, based on a qualitative problem
analysis by an interdisciplinary team of experts, recom-
mendations for future studies and transformations of VR
lectures are derived from the findings and experiences of
this project.

Introduction
In the last decades, extended reality (XR) technologies in-
cluding virtual, augmented, and mixed reality (VR, AR,
MR) have been a topic of interest among academic re-
searchers as well as private industries (Makransky & Pe-
tersen 2021). These technologies play an important role
in engineering education, as they enable immersive learn-
ing experiences, allow exploration of otherwise difficult to
access environments, and offer augmented and enhanced
knowledge transfer (Soliman et al. 2021, di Lanzo et al.
2020).
To date, learning in XR has been explored in various ap-
plication domains in university teaching and schools (Al-
bus et al. 2021). In these environments, abstract con-
tent such as chemical processes or new technologies, e.g.,
from robotics, can be experienced interactively to develop
a deeper understanding of the topic. Besides the classic
media comparison studies, which contrast VR with other
media and explore potential advantages of the former to
the latter (Makransky & Petersen 2021), there is also the
question of how to support learners in VR in a specific use
case by an adequate design (Vogt, Babel, Hock, Baumann
& Seufert 2021). This can also include a closer look at
specifically important learner characteristics that can addi-
tionally enhance learning, depending on the design variant
offered (Vogt, Albus & Seufert 2021).
The SARS-CoV-2 pandemic has caused an abrupt disrup-
tion stretching from the professional work environment
to the private lives of people globally. When the World
Health Organization (WHO) announced the beginning of
a global pandemic due to the virus in March 2020, a "stay
at home" order forced non-essential employees around the
world to move their workspaces as offices closed to man-
age the surging number of cases (Sohrabi et al. 2020).
As a result, an unprecedented need for digitization in-

creased sharply to reconstruct operations across multiple
disciplines. Like many other industries, educational and
research institutes were not prepared to adapt the previ-
ously predominant workflow of on-site and in attendance
teaching and learning to the new situation.
Efforts to digitize educational institutions and adapt work-
flows accordingly have been ongoing for many years. The
new immediate demand for solutions has given digitiza-
tion an unprecedented boost. As courses increasingly take
place digitally, it is increasingly important to expand and
enhance digital capabilities and evaluate new approaches.
However, one of the biggest challenges facing ongoing re-
search includes the shift from laboratory-based research
to remote work practices and the use of remote research
methods.
Despite growing accessibility of hardware in the consumer
sector, testing core aspects of XR applications in the form
of usability and user experience (UX) studies still heav-
ily rely on laboratory settings with technical equipment.
Through governmental restrictions such as lockdowns,
travel regulations and ever evolving limitations to social
gatherings in the past two years, conducting research with-
out face-to-face meetings as often the case in UX studies
meant making quick adjustments to ongoing experiments
and moving from a controlled environment to uncontrolled
distance testing. With the lack of guidelines and safety
protocols for hygiene regulations, as well as the constantly
changing requirements and circumstances, the studies pose
a new and challenging situation in the research community.
In this work, we present our approach to transform existing
and planned VR user studies to accommodate for remote
asynchronous settings and outline potential changes with
regard to study protocols, research methods, and applica-
tion design. For this, we first introduce our initial aims for
digitalization in the scope of engineering education and
showcase related work in this field. We then concentrate
on the adaptations we made in terms of participant recruit-
ment, pre- and post-tests and the developed application
during the pandemic for our use case of a VR learning
scenario. Finally, based on our qualitative expert problem
analysis, we report about the identified challenges and re-
sults of the conducted immersive multimedia study along
with recommendations for future research approaches.

Aims and initial research design
Design principles are important to make learning processes
easier. However, it is still unclear whether the findings re-
garding design features can also be applied to VR learning
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environments (Makransky & Petersen 2021). The appli-
cation used in the scope of this work investigates what in-
fluence the use of color coding, signaling (Van Gog 2014),
and segmentation (Mayer 2020) in a learning session has
on the reception and retention of what is learned.
After conducting a systematic literature review on the use
of XR technologies within the realm of engineering ed-
ucation, the curriculum of the bachelor degree in civil
engineering in Germany was examined with the aim to
derive learning objectives in modules. Common experi-
ments from the field of structural mechanics were evalu-
ated with regard to transformation suitability and subse-
quently implemented as learning scenarios in virtual 3D
environments. The background, design principles, and the
methodology for the developed learning scenario to use
in structural analysis education have been described in a
previously published work (Krischler et al. 2021). A VR
classroom scene was implemented using Unity 2020 and
deployed as an executable for PC. In this application, users
are able to conduct several beam bending experiments.
The overall learning objective is understanding the indi-
vidual components of the underlying equation of deflection
(e.g., geometry, material, Young’s modulus, moment of in-
ertia) for a beam with a rectangular cross-section which is
presented in the center of the virtual room. The learning
content was divided into several subchapters based on the
variables of the underlying equation and introduced to the
user one-by-one in order to understand the context of ge-
ometry, material, and loads independently. Measuring the
forces and deformation values give valuable insights of the
material characteristics and developed stresses.
An exemplary image of a student testing out the application
is depicted in Figure 1. In our between-subject design
study, we compared the effectiveness of one color coded
version of our application to a control group with a focus on
different levels of learning outcome and learners’ cognitive
load.

Figure 1: Student exploring the learning application in virtual
reality.

Related Work
In a review, research papers in the architecture, engineer-
ing, and construction (AEC) training/education field pub-

lished from 1997 to 2018 were analyzed to observe trends
in technologies and application areas (Wang et al. 2018).
Almost half of all publications in recent years relate to
architecture visualization and design education, while the
least amount of publications investigate the use of vir-
tual reality in structural analysis education. Although this
subject is fundamental in engineering, the realization of
real-time, dynamic simulations are often time-consuming
and the complexity of the model affects simulation time.
XR technologies can replicate and enhance a scene in a
detailed and immersive manner for learning or training in
a virtual environment, and have been shown to increase
knowledge and skill transfer (Adami et al. 2021). Nev-
ertheless, running XR studies often require specialized
equipment (e.g., head-mounted displays, custom input de-
vices) to track and observe participants. With the necessity
of specific hardware often bound to a location, it comes as
no surprise that most studies are exclusively conducted in
laboratory settings (Mottelson & Hornbæk 2017).
In search for alternatives to arduous in-lab studies, remote
studies were introduced. Two of the main advantages of
remote testing are the reduction of in-person support and
time-flexibility (Mottelson et al. 2021). Both factors in-
evitably decrease cost, as remote studies need to be de-
signed as self-explanatory as possible, and thus can be
conducted at any time. One of the greatest challenges
remote studies pose is the lack of control, as the studies
usually take place in settings that do not match the condi-
tions in a laboratory setting. In their work, Koo & Skinner
(2005) specifically examine the challenges of online re-
cruitment for remote studies.
Remote user studies can generally be divided into super-
vised and unsupervised activities. Supervised experiments
are studies where participants and supervisors are locally
not in the same place but are able to communicate through
some medium (e.g., microphone, hand-held transceiver)
and interact with each other. In cases where spatial sep-
aration is reached with separate rooms at the same loca-
tion, behind-the-glass moderation is an often chosen op-
tion, where participants can be observed and audio guided
through the task. A more common situation nowadays
is communication via an online session such as Skype,
Zoom or other online platforms. Conducting unsuper-
vised research experiments online with human participants
through an open call is referred to as crowdsourcing. The
term was examined more than a decade ago in a meta-
analysis of the literature at that time by Estellés-Arolas
& de Guevara (2012). Advantages of crowdsourcing are
noted to be cost reduction, participant maximization and
diversity as well as flexibility (Goodman & Paolacci 2017).
The lack of monitoring can lead to poor data quality. How-
ever, this can be counteracted through incentives, which
should be calculated depending on the participant type.
Radiah et al. (2021) developed a framework to conduct
remote VR user studies in cases where participants own
HMDs to access at home. While remote experiments can
be highly cost-effective in terms of man-hours spent in
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a laboratory, this type of research also has its limitations.
Recent research introduced five industrial case studies with
different remote and hybrid setups during the pandemic
(Siltanen et al. 2021). While conducting remote studies
is not a new concept, there is a lack of guidelines and
protocols to follow in these special conditions.

Methodology and Implementation
Originally, the research group had planned to conduct a
user study with the goal to teach various engineering tasks
and to present degree relevant information utilizing VR
technologies. With the target audience being university
students from different engineering degree programs, the
research questions aimed to discover which interaction
metaphors, learning principles, and aids have the most
effects on the users’ reception, retention, and recollection.
For comparative studies, the participants are divided into
two or more subgroups: one or more treatment groups
with manipulations on the study material and one control
group without such modifications. For this type of studies,
it is important to note that other conditions should differ as
little as possible between the groups in order to examine
the emerging effects of the independent variables.
Before a study begins, researchers decide on whether the
study is aimed towards qualitative or quantitative research.
Depending on the goal, a participant profile is defined with
the needed criteria. With qualitative research, the profile
needs to be distinguished in detail, as qualitative meth-
ods are aimed towards individuals or small groups. The
outcomes are non-numerical data, which are further ana-
lyzed to gain profound insights of participants’ subjective
actions and views (Moser & Korstjens 2018). As the name
suggests, quantitative research is designed to collect large
data for the later analysis to be statistically significant. For
this, unambiguous questions and scales are used to obtain
reliable and objective data. With the minimum number
of participants required being higher than with qualitative
research, the recruitment of participants is more difficult
as the response rate is usually more sparse (Delice 2010).
Thus, the participant recruitment is advised to be adapted
accordingly.
Utilizing a test before the learning game gives insights
to candidates’ prior knowledge, general abilities such as
spatial visualization, domain specific expertise, and mo-
tivation. By comparing this data with the results in the
post-test, the educational application can be evaluated in
terms of the independent variables attributed to the envi-
ronment, in this case especially with regard to cognitive
and motivational parameters.
Real-life experiments are very time-consuming and spe-
cial laboratory equipment is often needed. By transfer-
ring complex experimental setups to a digital environment,
users can experience learning units in an interactive, ex-
ploratory, and self-paced manner. Furthermore, digital ex-
periments can provide possibilities that are not realizable
or feasible in real life. Inspired by a laboratory demon-
stration of a flexural beam test through externally applied

loads, a virtual classroom scene with a similar setup was
developed for the students’ self-regulated learning, shown
in Figure 2.

Figure 2: Exemplary VR learning scene demonstrating a
flexural beam test of the original user study application.

Moving from the controlled real-life laboratory environ-
ment to the remote unsupervised testing needs adjustments
not only within the application itself but within the entire
workflow including participant recruitment as well as pre-
and post-tests.
In this section, the original ideas and concepts for the
planned user study are introduced with regard to the par-
ticipant recruitment, pre-and post-test, and the application
itself. Furthermore, the challenges due to the current pan-
demic situation are highlighted, and the conducted trans-
formations compared to the original design are presented.

Participant Recruitment
The original plan prior to the lockdown was to both inte-
grate the application into the civil engineering course plan
as a supporting element and investigate it under controlled
conditions. The teachers of the topic-related courses were
to be informed about the contents of the learning environ-
ment in order to be able to instruct the students accordingly
in class. The target group of the study is civil engineer-
ing students who have not yet become acquainted with the
contents of the learning environment during their studies.
In addition, a platform was to be used to publicize the loca-
tion, time, as well as the content of the study, and students
were to be approached directly for the purpose of potential
candidate acquisition. Participants were planned to be re-
cruited in person in order to be able to respond promptly
to any questions that may arise.

Challenges
As with many institutions, educational organizations such
as universities in Germany were closed overnight in March
2020 due to the SARS-CoV-2 pandemic. One of the initial
challenges was to convert the traditional lecture and study
halls to online learning environments. Although establish-
ing virtual classrooms lead to an enormous gain in terms of
communication, the access to the students decreased with
each passing week. Remote learning often led to unilat-
eral conversations with little to no response coming from
the students. A new phenomenon called "Zoom fatigue"
became well known in remote work arrangements, which
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describes the exhaustion that arises due to frequent video
conferences (Nesher Shoshan & Wehrt 2021). This led to
exploration of alternative information channels as the need
to reach new participants and attract attention grew.

Transformation
Potential participants are contacted via e-mail and, when
possible, asked directly to participate in the user study. In
the recruitment mail, the candidates are informed on the
structure of the study, the average completion time, the
compensation incentive, and the technical (e.g., operating
system, web browser) and personal (e.g., age, medical
limitations such as color vision deficiency) requirements.
In addition, they are provided with a link leading to the web
page through which the pre-test, application, and post-test
can be accessed. With the expectations set, if the candidate
chooses to partake in the study, the presented website can
be opened with the link at any chosen time over the course
of the set study duration. After opening the survey, a
randomized ID is generated for the specific user. In this
step, each user is also randomly divided either into the
"treatment" or the "control" group. The group association
as well as the user ID is then logged on the server side.

Pre- and post-test
In addition to the direct interactions and questions in the
VR learning environment, it was originally planned to ask
students questions outside the learning environment. In
this way, their initial understanding and knowledge of the
topic could be assessed and learners’ interest and motiva-
tion for the topic could be examined in detail. By answer-
ing the questions after the learning unit, deeper insights
could be gained into whether they had only memorized
terms or also developed a deeper understanding of the
topic. The pre- and post-test were to be conducted in a
controlled setting, which would have allowed any compre-
hension problems or other questions to be addressed by
the investigator. Since it was planned to ask these ques-
tions outside of VR, no conceptual change was required
at this point. Nevertheless, the online survey had to be
transformed accordingly.

Challenges
In general, an online questionnaire should be as self-
explanatory as possible. In this case, the wording had to be
critically checked for general comprehensibility and texts
had to be structured briefly and clearly. If instructions are
ambiguous, it is possible that learners can complete tasks
incorrectly, incompletely or become frustrated by the un-
clear task. In a worst-case scenario, they may abandon the
learning unit prematurely. Due to the new setting of the
learning environment, the instructions for the learners also
had to be adapted accordingly.

Transformation
Since additional requirements were placed on the online
survey, three experts from media design, psychology and
civil engineering critically reviewed the questions and in-

structions. Particular care was taken to ensure that the
instructions and explanations for the tasks and questions
were appropriately transformed from VR to the desktop
environment in order to make appropriate references to
the learning unit.
The pre-test begins as soon as the participant clicks the
provided link. The post-test was conducted directly after
using the learning application in the same questionnaire.
The given answers are recorded directly on the website.

Figure 3: A learning unit in the virtual environment as
desktop-based application.

Application
The developed virtual environment in Unity depicted in
Figure 2 was designed to mimic a classroom setting con-
sisting of a room with three panels. At the front, the
introduction board informs the user on the current task
in the experiment (Figure 5). While the notes board on
the left-hand side gives supplementary information on the
task as well as a summary of past learning materials (Fig-
ure 4), the question board on the right-hand side displays
the in-application questions to verify the content learned.
(Figure 6).
In a laboratory setting, the participants would have been
equipped with an HMD and a handheld controller to use
in VR. Before participants start working with the applica-
tion, a supervisor would have given an introduction on the
structure of the experiment, instructions on the VR hard-
ware, and a prior warning on cybersickness often caused
through the HMDs (Palmisano et al. 2020). Furthermore,
the software and hardware setup would be prepared for the
participants beforehand to secure a smooth workflow. One
of the greatest advantages of a controlled laboratory setup
is guidance and aid through a supervisor at all times during
the application run. Due to the exciting nature of VR tech-
nologies, particularly among inexperienced users, misuse
of the equipment as well as errors on user side caused by
out-of-scope behavior during the study can be minimized
through communication.
In terms of navigation, users are given two options to
move around the virtual room: On the one hand, the user
could walk physically in the real world. The movement is
mapped one-to-one to the virtual displacement. To avoid
any collisions while moving in the real environment, the
borders of the actual room are marked on the virtual floor
prior to starting the application. On the other hand, the user
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Figure 4: Notes Board for summarizing
the learned equation elements.

Figure 5: Introduction Board for
information on current experiment.

Figure 6: Question Board for
in-application learning questions.

could jump to a desired location via teleportation, which
is a commonly used one-handed navigation technique in
VR applications. For this, the user points to a desired goal
location on the floor using the ray at the tip of the controller
and clicks a specified button for instantaneous relocation,
mimicking a virtual jump. To interact with the objects
in the center of the virtual room that have been set up
to conduct structural experiments, the user intersects the
controller representation directly with the desired object
to perform actions for picking up, carrying and dropping.
Furthermore, an indirect ray-based control is opted during
in-game quizzes, to allow the user to answer the questions
from afar though point and click interaction without the
need to move to the virtual blackboard and its buttons.
Special attention was paid to the usability of the user in-
terface. As an example, the buttons needed to answer
the multiple choice questions on the respective board are
aligned horizontally in the VR version. This way, selection
of the buttons with the ray-based indirect interaction can
be eased.

Challenges
Since only very few potential participants do have access
to the required VR equipment, just providing the VR ap-
plication for the remote studies renders it an unsatisfactory
solution. Consequently, we decided for the ease of use
that a desktop-based remote study would provide a more
effortless experience. Owing to the aforementioned goals,
one of the challenges of the application transformation is to
only change elements of the learning application as much
as needed in order to retain as much information and in-
teractions as possible of the original VR version. With
this approach, we hoped to not interfere with any variables
being tested. Furthermore, the adjustments in software
need to consider the hardware options and requirements
that the user can easily accommodate at home. Tied to
these requirements is the logging data for user movement
and answers. The data can not be saved locally as in the
lab setting due to no manual post-processing done by the
research group. As a result, we developed a secure and
robust workflow to save the needed data online.

Transformation
Figure 3 presents the same scene from the VR version as
the desktop solution. Utilizing the same 3D environment
in Unity, the interactions for navigation and object manip-
ulation have to be mapped to desktop based input devices.

Keyboard and mouse were obvious choices for the adapted
desktop version. Common control inputs for movement in
gaming are often mapped to the arrow or "WASD" keys,
combined with the mouse to change the viewing direction
and interact with the learning environment.
To summarize our approach using formerly derived trans-
formation principles, the developed adapted workflow to
conduct a remote desktop-based comparative study is pre-
sented in Figure 7. It depicts the data exchange adjustments
made to run an unsupervised test in terms of participant
recruitment, pre- and post-test, and application. The target
audience is invited to participate in the study via an on-
line link. In case of acceptance of the invitation link, the
user prompts the generation of a unique ID as well as the
group assignment, which are both saved in a separate .csv
file. After completing the pre-test, the participants are
prepared for the download and execution of the adapted
desktop application through a short instruction video to
compensate the normally available aid from supervisors.
For the desktop version, the Unity project is first built as
an executable application and then compressed as a self-
extracting .zip file together with the unique ID and the
group assignment for easy offline access. By utilizing a
user ID, the data measured and logged in the application
during runtime, i.e., the user’s movements and answers can
be manually merged with the questionnaire data after the
study is completed. Upon completion of the in-app ques-
tions, the recorded user data in the learning application
is uploaded to the server. Therefore, after finishing the
application’s experiments, a prompt is shown to the user
that an active internet connection is required to upload the
measured data. The process of data acquisition itself must
also be adapted to the new desktop application, since some
measured data in the VR version is not used in the desk-
top version (e.g., eye and head movements) and vice versa
(e.g., mouse movements). After closing the application,
the executable file with all its unpacked dependencies is
deleted, leaving no unnecessary data on the participants
computer. Thereafter, the candidate is redirected to the
web browser to continue with the post-test.

Results and discussion
In this section, we provide our lessons learned based on
the derived challenges and our proposed transformations.
Thus, we outline the results of our qualitative problem
analysis and discuss implications based on our findings. As
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Figure 7: Adapted workflow during the pandemic for a robust data flow.

in the former part, we divided this section into the same
subsections: participant recruitment, pre- and post-test,
and application. Additionally, we report our preliminary
results from our quantitative evaluation.

Participant Recruitment
Recruitment for the desktop-based user study was carried
out through various channels. It was found that personal
contact with lecturers or direct contact with other learners
had the highest success rate for participation. In com-
parison, only a fraction of participants contacted via mail
finished the survey without involving the lecturers. Com-
pensation for participation poses an important issue in the
context of recruitment. Lower cash incentives were less
valued by the participating user group compared to vouch-
ers (e.g., for coffee or bookshops) of the same amount.
In addition, the portfolio of possible compensation could
have been expanded to make participation more attractive
overall. However, it is important for the evaluation of the
results to keep the incentives as constant as possible across
all participants. Therefore, this important topic should al-
ready be considered during the planning phase for the trial
study with consideration of the participant occupation, task
complexity, length, and location of the study. In addition
to pricing of monetary compensations, non-monetary in-
centives can pose an alternative lever, depending on the
target participants. Additional circumstances such as the
political or ideological positions of the audience should
also be considered nowadays, as vouchers for certain on-
line marketplaces (e.g., Amazon, Zalando) do not find a
positive standing in some groups.
In addition, more resources could be spent on advertis-
ing for the study. For example, short promotional videos
have proven to be a useful tool to create a more positive
attitude towards the study, which in turn could lead to a
higher probability of complete participation. Such promo-
tional videos could also be well shared via social media
platforms. A personalized request or component would
be beneficial to increase commitment to participation and
during user participation itself. It has also proven effi-
cient to give participants a specific time for participation.

This is also in line with expectations from social psychol-
ogy (Gollwitzer & Brandstätter 1997). This shows that
the framework (e.g., "when do I participate", "from which
remote location do I participate") can also be decisive
for success in online applications. Encouraging a certain
group of participants to take part all at the same time also
seemed to be particularly promising and to be associated
with a high participation rate and also a high completion
rate.

Pre- and post-test
For the online questionnaire to be used effectively, it was
crucial that it was thoroughly checked by various experts
to ensure that the instructions and explanations are com-
prehensible. In addition to experts from the respective
subject area, learning processes from a psychological per-
spective should also be taken into account. Here, many
critical trade-off decisions must be made between precise
description and simplicity of presentation, so that learn-
ers are not overly strained. Especially in the pandemic
situation, learners spend a lot of time online or in online
learning environments. The more appealing and efficient
these are, the more likely learners are to extract important
information and work through the learning content to the
end. In a more appealing learning environment, students
can become more enthusiastic about the curriculum top-
ics and have a more positive learning experience. At this
point, it is worthwhile to interview some sample learners
in order to better assess the overall impression of the learn-
ing environment or the learning questions and, based on
this, to make minor adjustments and thus further improve
the learning experience.

Application
Various learning aids and support measures (e.g., annota-
tions and signaling) are integrated into the learning envi-
ronments and their effectiveness is examined specifically
for mixed reality applications. In the 3D environment, the
user is able to walk around freely within the range of the
room. The person is equipped with the HMD as well as
the handheld controllers. The interactions are ray-based.
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Preliminary results from quantitative evaluation
In a first learning psychological analysis with a subgroup
of 54 learners, preliminary results were documented and
published (Vogt, Albus, Montag, Drey, Hartwig, Tasliar-
mut & Wolf 2021). The study focuses on the comparison
of two design variants. In the experimental group, corre-
sponding elements were marked with color coding, whilst
in the control group, the learning content was presented
without color coding. In this first analysis, the focus was
on the question of which variant is better for the use in
the curriculum. Different concepts of learning psychol-
ogy were taken into account: on the one hand, the learn-
ing outcomes (knowledge, comprehension, application),
which should be as high as possible after the learning unit.
On the other hand, it concerned the cognitive load dur-
ing learning, which could be influenced by the design of
the learning environment. Here, the additional cognitive
load should be avoided and learners should be stimulated
to provide cognitive resources for processing the learning
content (Van Gog 2014). In order to analyze the effects
of the design more precisely, additional consideration was
given to learner characteristics. In the group under ex-
amination, there was a positive effect of color coding on
the application level, which is important for the transfer
of what has been learned to new fields of application.
Color coding had no effect on cognitive load during learn-
ing. Further analyses and their publication are currently in
progress.

Conclusions and Future Work
At the beginning of the SARS-CoV-2 pandemic, re-
searchers had trouble estimating the prolonged period of
time that countries would be going into lockdown. With
this in mind, we wanted to assess the possibilities of con-
ducting a remote study originating from an on-site study
by retaining our research questions, study design, and mea-
surements as much as possible while also accommodating
to the new pandemic-specific challenges.
While remote user studies offer benefits such as the flex-
ibility in terms of time and location of the study, they
also come with some limitations. These include the re-
cruitment process, special requirements to the application,
and the pre- and post-test. For example, participants who
are mostly university students in our case are more eas-
ily reached when asked directly if they can partake in a
user study. Face-to-face study environments overcome the
simple needs of the users while utilizing the provided tech-
nology. On many occasions, remote user studies have been
shown to be a worthy alternative to on-site user tests. For
future studies investigating VR applications, a promising
option during the pandemic would also be to use certain
online platforms and stores such as SideQuest from Oculus
that harness the participant owned equipment. On the one
hand, this could demonstrate advantages because the tech-
nical obstacles and the user hurdle are lowered. In addition,
this offers advantages because users are not only trained,
but are also accustomed to these circumstances. On the

other hand, with such platforms the personal approach is
limited, and it is also difficult to narrow the desired target
group. Nevertheless, there could be a lot of potential for
future research.
The beginning of the user study was conducted in-lab using
HTC Vive and Asus Mixed Reality hardware. For future
XR user studies, we recommend to use tools such as Unity
which enable to reuse the environment with multiple input
devices, interaction techniques, and design layouts and to
operate utilizing multiple channels. Additionally, other
operating systems such as Linux and Apple’s iOS should
be considered. Since adaptations still have to be made
for different implementations, especially with regard to
different technical devices (e.g., control with mouse and
keyboard, controllers, other HMDs), the cost-benefit ratio
should be considered with regard to the flexibility of the
application.
Due to the possibility of conducting studies independent of
location, a fundamentally greater accessibility of the study
can be assumed. In addition, the necessary personnel re-
sources and thus also the financial resources are lower than
in face-to-face studies, since no researcher is needed to ac-
company the studies. A major disadvantage of distance
studies is the lack of control over the experimental con-
ditions. This can affect the data quality in particular and
thus lead to a lower validity of the results. In addition to
the benefits of remote studies for restricted situations such
as the SARS-CoV-2 pandemic, they should also be seen
as an overall opportunity for alternative methodological
approaches that are more accessible and easier to adapt to
new circumstances. It must always be considered whether
implementation as a remote study is suitable for the partic-
ular research project, and the advantages and disadvantages
should be carefully evaluated in each case.
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Abstract 
The contemporary focus on sustainability and specifically 
on circularity, places new roles, requirements, and 
responsibilities on AEC professionals. From an 
educational perspective, this could be addressed by 
adding circularity concepts for instance into design, 
modelling, and analysis courses. However, circularity 
offers more than this; it provides a lens to re-think 
education in the AEC. Traditional courses wherein 
student work is assessed and discarded; are linear. This 
paper proposes a Circular Education System that reuses 
student work from one course as future input for itself and 
other courses. This concept is presented here at a learning 
objective, course, and program level. 

Introduction 
Current ‘take-make-use-dispose’ (linear) approaches 
developed and deployed for mass production in the 
previous century are unsustainable. At the same time, 
cities consume 75% of the world’s natural resources 
(Macarthur Foundation, 2021). The slow realization of 
these facts in the AEC industry, is motivating innovative 
thinking about the life cycle of materials and products in 
buildings as well as the buildings themselves. The circular 
economy and the ‘circular way of thinking’ that drive it 
(Dabaieh et al., 2021), offer an alternative approach to 
linear (take-make-use-dispose) thinking. ‘Circularity’ 
focuses on identifying and then redesigning wasteful 
linear processes to ‘circularise’ them. The principles of 
the circular economy are: (1) eliminate waste and 
pollution; (2) circulate products and materials; and (3) 
regenerate nature. Andrews, (2015) likens the circular 
economy to a ‘biomimetic’ system in that it is based on 
the closed systems of nature whilst at the same time, it 
reminds us to understand a system we must first 
understand its effect on other systems (Meadows, 2008). 
Circular thinking is commonly divided into two cycles: 
the biological and the technical cycles. A major challenge 
to address is that biological materials which can 
biodegrade, are often fused to technical (artificial) 
materials which cannot (bio)degrade but can be reused. 
From this material perspective, the challenge is how to 
decouple the two cycles.  
In the AEC, this requires our design and engineering 
knowledge to identify, separate and extend the lifecycles 
of materials and products. Planned obsolescence and other 
concepts that provide the antithesis to circularity, make up 
much of our thinking in the AEC. Circularity provides an 
opportunity to not just rethink how the AEC industry can 
support circularity in its physical resources, but as a lens 
to explore what it means to be an AEC professional in the 
21st century. For instance, could it also be applied to our 

digital design processes? To identify linear design 
processes and ‘circularise’ them (McGinley, 2018)? In 
parametric design, complex relationships are often re-
established and reconfigured for each project, could we 
redesign these systems so that they are more likely to be 
reused? Can a circular approach be identified to these 
processes to encourage reuse of previous work and reduce 
wasted human effort?   
Addressing these questions will require the ‘formation’ of 
AEC professionals that are capable of ‘circular thinking’. 
Educational systems support this formation of design, 
engineering, and architecture professionals. Therefore, 
the circularity paradigm requires changes in the education 
of AEC professionals to deliver these new approaches and 
adapt to this new way of thinking. So, how can we 
integrate circularity into an AEC educational programme? 
Should we add new circularity themed content to a course, 
start a new circularity course, or provide a specific 
circular learning experience using problem-based 
learning (PBL) (Duch et al., 2001) supporting the students 
to design new circular systems (Kirchherr & Piscicelli, 
2019)?  
Alternatively, could we be even bolder and ‘circularise’ 
the education system for the AEC? Could this support our 
students to learn about and normalise the concepts of 
circularity in their own engineering and design practice 
and could the education system reinforce this? To answer 
this, it is necessary to identify the linear elements in our 
current education system and propose alternative circular 
approaches. 

AEC Education Systems 
Education is the process of knowledge facilitation and or 
acquisition. The purpose of an education system in the 
AEC is to provide future generations with the skills, 
methods, knowledge, and ethics to make a positive 
contribution to the future from a specific disciplinary 
perspective. AEC professionals are ‘formed’ in university 
programmes. Programmes are divided into courses which 
are composed of activities. From a constructive alignment 
perspective, ‘knowledge is constructed through the 
activities of the learner’ (Biggs, 2014). Through these 
activities, students generate products (assignments) that 
can then be assessed. Teachers and peers can provide 
formative and summative feedback. Formative feedback 
is provided on the students approach (process) to their 
learning in the activities and summative assessment is 
based on the product of the activity. Both types of 
feedback and assessment are needed to help students 
understand the alignment of their learning to the course 
learning objectives.  
It is therefore essential that students work on activities 
that motivate them and that they can see the links to the 
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course learning objectives which should align to the 
graduate qualities of the programme. The required 
alignment of assessment, activities and objectives takes 
more effort from the teacher in the beginning (Biggs, 
2014), but with this structure in place, and if clearly 
communicated to the students, the aligned activities can 
support the student’s motivation to learn. It can also 
provide the teacher with a greater ability to monitor the 
students learning within the course and allow them to 
reflect on course adjustments in following semesters as 
required.  

Towards a Circular Education System 
Sustainable education typically focuses on the content of 
the education system rather than the sustainability of the 
education system itself. For instance, the UNESCO 
definition of sustainable education is “a learning process 
or approach to teaching based on the ideals and 
principles that underlie sustainability and is concerned 
with all levels and types of learning to provide quality 
education and foster sustainable human development” 
(cited in (Helmers & Ilchmann, 2019)). This does not 
investigate the sustainability of education as a process. 
For instance, is the education process wasteful, does it use 
and reuse resources responsibly? To address this, we need 
to investigate the sustainability of the education system. 
However, ‘sustainability’ is a wide lens with multi-
faceted considerations (environmental, social and 
economic for instance). Therefore, we focus on a subset 
of sustainability.  
Circularity provides a relevant focus area of sustainability 
for the scope of this paper. Circularity in the AEC focuses 
on how the industry can support a shift to a circular 
economy. The circular economy is driven by three 
principles. (Ellen MacArthur Foundation, (2014):  

1. Design out waste and pollution 
2. Keep products in use 
3. Regenerate natural systems 

Can we use these principles to define a sustainable, or 
more specifically, circular education system? Are 
elements of our current education systems already 
circular? If so, from whose perspective? From a learners’ 
perspective, perhaps it is. The activity combined with the 
feedback enable the student to construct their own 
methodology which they can reuse and adapt to address 
similar problems in the future in their own lifecycles. 
Additionally, the teacher will also have learnt more about 
how the students approach the activities and can adjust 
these in the future. So, from the perspective of the students 
and the teacher, this is a regenerative natural system.  
In circular economy a distinction is made between the 
biological and technical cycles. So how can these 
concepts be applied in an education system? Perhaps, the 
student and teacher perspective are analogous here to the 
biological cycle in the classical construction of circularity. 
In that case, the technical cycle could be the product / 
evidence of the student’s learning. It is also true that when 
analysing an education system; the distinction between 
the learning (biological) and the product / assignment 
(artificial) can be difficult to decouple. An example of this 

can be the challenge of early career teachers confusing 
learning objectives and tasks, in their course syllabus. 
In the AEC, ‘technical cycle’ learning products typically 
address real world problems. However, this is not always 
the case and when it is, this work is not always used in the 
real world. This is the first example of waste in the 
technical cycle of the education system. Typically, the 
work that students produce (the products of the courses) 
follow a ‘take-make-use-store-dispose’ linear process. 
The use phase of the product (analysis by the teacher) is 
small and then it is stored (unused) for many years before 
finally being disposed (Figure 1).  

 
Figure 1. Circular (aligned) education with linear course 

products 

An example is a student producing an LCA (Life Cycle 
Analysis) of a building as a learning product (assignment) 
in an activity in a course. LCA is chosen here as an 
example because it requires a significant grasp and 
synthesis of many different concepts. LCA is also a 
skillset and knowledge that is in high demand currently in 
the AEC. Furthermore, it can support our understanding 
of a systems sustainability throughout its lifecycle. To 
illustrate this example, let us say that the students on the 
course all produce the same LCA for the same system, and 
this is repeated by new students every year. So, if; 

• there are 100 students on the course  
• the course has 2 assignments (one formative and 

one summative) 
• all students submit all assignments 
• the university require that their assignments are 

stored for 5 years   
• and the course is run every year 

Then, in 5 years, 1000 LCAs will have been produced 
and, following assessment, stored in a Learning 
Management System (LMS) in an energy intensive data 
centre for years, before being discarded. Whilst the LCA 
calculation itself may only be a small excel file with 
negligible file size it would be derived from a BIM model 
which could be much larger that would also have to be 
submitted to enable the assessment.  
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From a biological circularity cycle perspective, 500 
engineers have been formed that are capable of producing 
LCAs. That is circular, but what about the technical 
circularity cycle, and the products / assignments of the 
course (the 1000 LCAs)? How can we increase the 
(useful) life of the products such as these through reuse 
and ultimately make them more circular? Could this also 
increase student motivation for the activities? How can 
the reuse of the products support the students’ 
understanding of ethics in the AEC for instance?  
In the LCA example, the resource of the student’s work 
(the product of their learning) or the teacher’s assessment 
and feedback are not reused and are reproduced each time. 
From a circularity perspective this is wasteful, and waste 
should be eliminated. Therefore, this paper aims to 
identify approaches to increase the circularity of the 
product of the learning activities to support a circular 
education system. So how to increase the circularity of 
the products of the learning activities? Should we try and 
design circular learning objectives for a course, or 
circular courses, or circular programmes, or does 
circularity lead us to a new approach to education?  

Circular Programmes 
This exploration is conducted at a Technical University in 
an Architectural Engineering programme, within a Civil 
and Mechanical Engineering Department. From a 
programme perspective, the products of one course could 
be fed into the input of another course, creating a closed 
loop at the programme (degree) level. This link could be 
synchronous or asynchronous. Typically, each degree 
programme has a capstone interdisciplinary design 
project that aims to teach students ‘real-world’ skills in a 
‘realistic’ environment. The programme level perspective 
helps us to think about the links to industry and how, for 
instance, the students construct their learning to achieve 
the graduate qualities through constructive alignment 
throughout the programme.  
 

 
Figure 2. An Architecture Engineering vision, describing the 
integration of inputs and outputs in different types of courses. 

An aim of circularity is to eliminate waste therefore if 
linear courses are wasteful these should be adapted to 
become circular for the program to be considered circular, 
therefore it would be difficult to focus on the programme 

level. So could there be a single course on a programme 
that mined and reused all products developed in that 
programme (if it had permission to reuse those products 
from the students) and fed them back into other courses 
where needed. To simplify this process, it might be 
necessary to develop a simple ontology of courses for 
instance at a high level they could be described as design, 
modelling, analysis and prototyping courses for instance.  

Circular Courses 
From a course perspective the products of one course 
could be fed into the input of the same course the 
following year, enabling a circular process of iterative 
improvement inside a course. as shown in Figure 3. 

 
Figure 3. Circular (aligned) education with circular course 
products 

To support this, we could (1) extend the lifecycle of the 
course product, (2) we could make the product of one 
course the input to an activity in another course, or (3) 
previous student work could be reused in the same courses 
for future students to learn from and improve (Figure 3). 
From a circularity perspective it is important to define 
how circular a course is, one way to do this would be to 
map it to the different levels of circularity (recycle, 
refurbish, reuse, share and maintain) (Figure 2). For each 
of these levels an example of how that would work as a 
course is described in Table 1. 

Table 1. levels of circularity in course products 

# Level Approach 
C0 Reproduce This is not circular, it is reproducing 

the same products every year. 
C1 Recycle Build a new course every year based 

on the materials of the previous 
course 

C2 Refurbish Make improvements to the same 
course each year 

C3 Reuse Reuse examples of previous student 
assignments in the same or different 
course 

C4 Share Share the student work products for 
other students to learn from. 

C5 Maintain Maintain and improve the products of 
previous semesters 
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The initial level of reproducing is the least circular and 
most linear. At this level, students are asked to do the 
same task every year. The next two levels (recycle and 
refurbish) focus on the course. Reuse then focuses on 
extending the lifecycle of the learning products beyond 
the initial assessment. A potential challenge of this is that 
the quality of the product used as input could affect the 
quality of the work of the receiving students, is quality 
control required for the products? In the higher levels of 
circularity, the learning products are shared on the courses 
to support specific inputs (Figure 3). Finally, the 
maintenance level suggests that students would actively 
maintain and further develop the work of previous 
students on the course. This could lead to an evolution of 
course products. Thereby increasing the quality of the 
products and building an ecosystem of tools and methods 
for the students to use that have been developed by them. 
This approach would reinforce their formation as 
autonomous learners. To develop this, we first need to see 
how learning is constructed. To view the education 
system at its atomic level, the learning objective. 

Circular (Learning) Objectives 
Finally, a learning objective perspective allows the 
education designer to focus on the atomic unit of learning. 
From this perspective, courses are containers of learning 
objectives. From a circular perspective it may be possible 
to directly link the products and or feedback on learning 
objectives between different courses in the same 
programme. Although this could be difficult to manage 
and maintain, this low-level intervention may be easier to 
align than whole courses. Further exploration is required 
to identify if this is possible. 

Methodology 
This paper seeks to identify the principles of a circular 
education system for the AEC. It reports on an approach 
to link the products and inputs of multiple courses at the 
programme level previously explored in McGinley & 
Krijnen, (2021). That paper explored 4 courses described 
below in Table 2. 

Table 2. The four courses from (McGinley & Krijnen, 2021) 

Code Description 
UG1: An undergraduate BIM course generally 

taken in the second year of a more scientific 
engineering programme 

UG2: An undergraduate BIM course generally 
taken in the first year in a more applied 
programme 

PG1: A postgraduate interdisciplinary design 
course generally taken in the 3rd semester of 
the MSc 

PG2: A postgraduate (Advanced) BIM course 
generally taken in the 2nd semester of the 
MSc. 

McGinley & Krijnen, (2021)’s BIM focussed paper 
identified 5 principles to promote a shift in BIM education 
from students learning howto to BIM to learning from 
(Open) BIM. These included to (1) provide a live design 
experience; (2) provide a focus on standardization of 

processes; (3) provide a living lab for the development of 
new analysis tools; (4) provide a focus on Industry 
Foundation Classes (IFC); (5) integrate real-time analysis 
and feedback through the LMS (Learning Management 
System). These principles focused on reducing waste and 
supporting student and professional learning by 
identifying and eliminating wasteful processes and 
approaches from a BIM perspective. This is relevant to 
the current question of developing a circular education 
system. Having now run the courses in 2021 based on 
proposals in that paper, we are now able to reflect on them 
here from a circularity perspective. This paper uses the 3 
principles of circularity (1) eliminate waste and pollution 
(2) circulate products and materials (3) regenerate natural 
systems; as guiding principles of ‘circularity’ to explore 
the use of the four courses to guide the proposal of a 
prototype circular education system.  
 

 
Figure 4 The principles can be combined to create a prototype 
circular education system connecting the four courses. 

The first principle is used to explore the reuse of the 
student work between the undergraduate BIM courses and 
the MSc design course (PG1). The second principle (to 
keep products in use) is used to explore the connection 
between the MSc design course (PG1) and the 
postgraduate BIM course (PG2), where students develop 
tools to support the design course. Finally, the third 
principle to regenerate natural systems is used to explore 
both the analysis of the design course BIM models in the 
BIM course for future students of the design course as 
well as future iterations of the undergraduate BIM 
courses. Each principle of circularity is used to frame a 
discussion of approaches to ‘circularise’ the courses 
shown in Figure 4. 

Principle 1. Eliminate waste 
The first principle of circularity is to eliminate waste. 
How can waste and pollution be identified in an 
educational system? Waste has been described as a by-
product of a process (Jelley, 2017). Waste could be any 
unwanted by-products made in the process of achieving 
an intended product. If the intended product of a course is 
the student’s learning (in the biological cycle), then the 
assignment, they submit (in the technical cycle) is a by-
product. This paper argues that once an assignment has 
been assessed it has fulfilled its usefulness. It is then 
stored on a server; this server uses energy that in most 
cases will be at least partially from non-renewable 
sources. This illustrates some of the impact in the 1000 
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reproduced products from the fictional LCA example 
course.  To eliminate this waste, we could look at why the 
repeated production of the same learning activity 
(by)product is wasteful and how could we make it useful? 
how could this waste be designed out or looped back in? 
One way would be if the (BIM) model produced in the 
course could be (re)used by other students, perhaps in 
another course that could learn from it. Perhaps by 
extension they could analyse the models and provide 
feedback to the students who created the models? 
This idea is explored here through the lens of two 
undergraduate BIM courses (UG1 and UG2) (Figure 4). 
UG1 and UG2 are similar courses targeted at different 
programmes. These courses had developed efficient and 
repeatable activities for students where they were asked 
to model the same specific building on campus. This 
meant that the teaching material and project requirements 
could be reused every year. This responds to the 
reproduce (C0) level in Table 1. This focus on 
reproducing the course, paradoxically meant that great 
effort had to be made so that the students did not copy the 
assignment from previous years. Consequently, this 
meant that opportunities for students to learn from 
previous years was actively discouraged. 

2020 
Rather than focus on the modelling and drawing of the 
building for the whole course, for the 2020 iteration of 
these undergraduate BIM courses, a second part was 
introduced which focused on the analysis of the work 
done in the first part. In this case the students used Solibri 
Model Checker to analyse IFC versions of the Revit 
projects they developed in the first part of the course and 
then make the necessary changes in the native software 
and repeat the process. The students found this version of 
course the least motivating and lacking in feedback. So, 
from a circularity perspective it did take the course from 
reproduction (C0) to reuse (C3) in the technical cycle but 
lost the students’ motivation and should have provided 
better feedback to support the biological (circular) 
learning cycle. 

2021 
At the same point in the semester that the undergraduates 
in UG1 and UG2 were modelling the same building in 
2020, an interdisciplinary postgraduate design course 
(PG1) was also modelling a complex building and 
struggling to complete the modelling by themselves in the 
time they had available. The PG1 project consisted of 10 
interdisciplinary teams designing 10 different buildings in 
a ‘live design environment’. Therefore, the idea for 2021 
was for the undergraduates to support the student teams in 
PG1 to model specific systems of their buildings. The idea 
being that this would reduce waste, by the undergraduate 
students producing work that was useful for the Masters’ 
students. Interestingly, UG2 thought they had learnt a lot 
and got more feedback, but UG1 thought the opposite.  
The UG students found that the requirements for the 
design (in a live design project) were unclear, so they 
were unclear what to do and did not feel that they could 

make decisions themselves. Furthermore, the PG students 
were not confident (clear about their own requirements) 
to brief the UG students or give them meaningful tasks to 
model, that would have supported the understanding of 
the PG student. Instead, they either got the UG students to 
design things (outsourcing their own learning tasks) or to 
work on low value or decorative parts of the project. So, 
the new approach missed the clarity of the previous one 
where the activities and teaching material was repeated 
every year. This was because it had not run before so both 
sides of this vertical course were unaware of what was 
expected of each other. If this were to be attempted again 
it might require another course to coordinate the specific 
interaction between the two courses. 

2022 
The 2022 results have been included here to provide 
context because part 1 of the courses was repeated from 
2020 but instead of then supporting a live design project 
they were asked to analyse their own buildings they 
developed in part 1. UG2 preferred this iteration, but it 
looks like UG1 preferred the live design experience of 
2021. So maybe the students should be able to choose if 
they model a live or fixed design. 

Table 3. BEng BIM course evaluations 

UG1 2020 2021 2022 
Respondents 35 24 33 
learned a lot 3.1 2.8 3.4 
LOs aligned 3.5 3.5 3.6 
motivated by activities 2.5 2.6 3.2 
feedback 1.9 1.8 2.4 
Expectations clear 1.7 2.1 2.9 
Amount of work 4.6 4.0 3.6 

 
Table 4. Diploma BIM course evaluations 

UG2 2020 2021 2022 
Respondents 34 12 35 
learned a lot 3.4 3.7 3.5 
LOs aligned 2.9 3.8 3.4 
motivated by activities 2.5 3.6 3.2 
feedback 1.7 2.1 2.2 
Expectations clear 1.9 2.9 2.8 
Amount of work 4.6 3.3 3.7 

Future 
It is clear also that a main issue with the courses is the lack 
of feedback. Whilst the 2021 iteration increased the 
motivation of the students and improved the clarity of the 
expectations, these still have a lot of room for 
improvement. The second group also reported that the 
amount of work had reduced, but they had learnt more. 
However, UG1 reported that they had less work and also 
learnt less. Therefore, it is important to focus on feedback 
and clear expectations as the lack of these might be the 
biggest ‘waste’ of the students’ time, and the most critical 
area to improve. It is not enough to focus on the technical 
cycle for course to be circular, from the perspective of the 
student both the technical and biological cycles need to be 
circular. 
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Principle 2. Circulate products and 
materials  
The second principle of circularity is to keep products and 
materials in use for as long as possible (at the highest 
value possible). This is explored through extending the 
lifecycle of the learning products that result from the 
technical cycles of two postgraduate courses (PG1 and 
PG2) (Table 2). PG1 is a postgraduate interdisciplinary 
design course. The stated aim of the course is to ‘give 
participants knowledge of integrated building design, and 
how specialised competences can be used in 
collaboration within multidisciplinary project teams to 
create a design fulfilling many functional requirements at 
the same time.’  This was the original educational 
intention of the course described in (Dederichs et al., 
2010), which was extended with an Open BIM approach 
defined in (Karlshøj, 2016) and then again in (McGinley 
Krijnen, 2021). The course runs in the Spring. 
PG2 is a postgraduate BIM course that runs in the 
Autumn, it is therefore not possible to create a 
synchronous link between PG1 and PG2. The simplest 
approach would be to reuse (C3) the previous assignments 
or share (C4) them to another course. So, how could the 
products of these courses be shared and reused? How 
could we keep these products in use? PG2 (the 
postgraduate BIM course) followed the traditional 
methods of 13 assignments (one for each week of the 
course). These were sometimes repeated and in many 
cases students were asked to solve the same problem. This 
was how the course was run in 2019. 

2020 
In 2020 the students in PG2 (postgraduate advanced BIM 
course) identified their own use cases and supporting data 
from an IFC model to develop tools to address the Penn 
State use cases using Python and IfcOpenShell. This new 
direction in 2020 was designed to make best use of the 
students as a resource to promote innovation rather than 
blindly train them in proprietary software packages 
(McGinley & Krijnen, 2021). Alternatively, in the new 
version of PG2, concepts of BIM are taught through the 
lens of the international standard IFC. This enables the 
students to develop products in the form of digital tools 
written in Python using the ifcOpenShell library to 
analyse the IFC files. The first three sessions of this 
course were in person and the following 10 sessions were 
online in 2020. There were only four respondents for 2020 
for PG2, so whilst the numbers look good, they are not 
over analysed here.  

2021 
The 2021 and 2020 courses for PG2 had the same 
syllabus, and same teaching assistants. The 2021 PG2 
course possibly benefitted from more physical teaching as 
it had an improved perception from the students in terms 
of learning objective alignment, the amount they learnt 
and their motivation (Table 5). In 2021, PG2 again used 
the Penn State use cases. Perhaps Table 5 shows that it 
can take a while for a new course to settle in and the 
students to get used to it. The perception that the learning 

increased and that the students were motivated by the 
activities is encouraging, however there is still lots to do 
on the feedback and clarity of expectations. One student 
noted that in PG2: ‘Sometimes a clearer purpose should 
maybe be presented’. Furthermore, PG1 has lower scores 
in 2021, most significantly in motivation and clarity of 
expectations. These are two points that should be 
addressed in the future. 

 
Table 5. interdisciplinary design course evaluations 

PG1 2019 2020 2021 
Respondents 37 4 38 
learned a lot 3.7 4.5 3.5 
LOs aligned 3.7 4.2 3.0 
motivated by activities 3.4 4.0 2.3 
feedback 3.7 4.0 3.2 
Expectations clear 3.0 3.8 2.1 

PG1 scores lowest in the factor of expectations being 
clear.  
 

Table 6. Course evaluations for PG2 Advanced BIM course 

PG2 2019 2020 2021 
Respondents 28 26 31 
learned a lot 2.8 2.5 3.5 
LOs aligned 3.2 2.3 3.3 
motivated by activities 2.9 2.3 3.2 
feedback 3.2 1.9 2.5 
Expectations clear 2.8 1.9 2.4 
Amount of work 3.3 3.3 3.4 

Unclear expectations were also described in PG2 the 
postgraduate Advanced BIM course.  

Future 
Excitingly, most students in the 2021 version of PG2 
agreed to share the tools they developed with students in 
following versions of the course. This means that in future 
versions it will be possible for PG2 students to maintain 
(C5) the products developed in previous iterations of the 
course, creating a truly circular course. In terms of PG1, 
as the two courses are asynchronous it was initially 
unclear how they could be linked to share (C4) products 
between the two courses. The most sensible approach 
would be for the tools in the advanced BIM course (PG2) 
(held in the autumn) to be used in PG1 (the postgraduate 
design course) (held in the spring). However, the most 
interesting approach will be to take the product of PG1 
(the BIM models from the advanced buildings design 
course from the spring) and share (C4) these with the 
students starting in PG2 in the autumn.  
The PG2 students could then analyse the outputs from 
PG1 and identify use cases from the products of PG1. 
Based on this they would the develop new (C0) or 
refurbish (C3) old tools that could then be maintained 
(C5) in future versions of PG2 and also used in PG1. This 
would enable PG2 to become a circular course. PG1 is a 
much more complex course and will take longer to 
circularise. In 2022 an additional survey to the students 
has been asked to get more detailed feedback than is 
typically provided in the standard course feedback. 
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Principle 3. Regenerate Nature 
The third principle of circularity is interested in 
regenerating natural systems. The regenerative focus in an 
education system is the biological cycle of the students 
learning. So, how can the technical cycle and the products 
it produces support this? Currently student learning is 
coupled to the technical cycle of the work they produce to 
achieve that learning. So how can a students learning be 
looped back into the education system to help it grow? 
Should students be invited back in to share their 
experiences with future students? or by employing 
previous students as TAs? Or is it about trying to create 
an ‘emergent’ education system? Following the principle 
that from simple systems can be generated great 
complexity? Figure 4 shows that the investigation of this 
principle covers the interaction between multiple courses, 
increasing the complexity encountered in the previous 
principles. The focus here is on PG2 (the postgraduate 
advanced BIM) course and PG1 (the postgraduate 
advanced building design) course with implications for 
the undergraduate BIM courses as well. As stated in the 
previous section, the 2019 PG2 (Table 6) course was 
report based with a focus on teaching a different concept 
each week with aligned activities. However, this meant 
that there were 13 activities and assignments, which 
whilst they offered a good overview of the domain, it was 
difficult to manage and align all these activities. To 
address this, the course was changed in 2020 to 5 
activities focused on IFC and IfcOpenShell. The first year 
(2020) resulted in a dip (Table 6), but last year (2021) saw 
an improvement and most importantly an improvement in 
the number of students who thought they had learnt a lot. 
The weakness of the course is still a lack of feedback and 
expectation management for many students, and these are 
where it received its lowest evaluations. However, for 
some, the open and exploratory nature of the course was 
motivating. ‘I really liked the class and the open learning 
atmosphere. The subject was more of a guided discovery 
than a goal orientated, outcome specific experience.’ 
(student in PG2:2021) 
For others, this openness was problematic, this is a wider 
problem that is described by Jensen et al., (2021) that 
‘students lack specific learning strategies for how, 
through a curious and investigative behaviour, to create 
an in-depth analysis of the presented content that leads 
toward meaningful learning experiences. [so] they often 
are brought into situations where they do not know what 
the next step is. This can be seen in another comment that 
said the course: ‘lacks the opportunity for [feedback] and 
help to get on the right track in the course assignments’. 
Furthermore, some students also require more structure to 
guide the development of the tools. They require: ‘a better 
overview of what was going to happen each week’. And 
also that ‘We have learnt a lot and done a lot with our 
efforts but there were many times we were lost.’ However, 
ultimately the course requires that students find their own 
solutions and that these will not be ‘spoonfed’ to them, 
this is especially important in interdisciplinary work and 
is summed up in the comment for PG1:2021 that ‘It seems 
like the teachers are role-playing real life projects, by not 

interacting with each other, and contradicting each 
other.’ This is a good example of a regenerative system 
wherein the role of expert is transferred from the 
discipline specific teachers to the interdisciplinary 
students. However, if this switch is not communicated and 
‘bought into’ by the students it can be demotivating. 

Future 
In reflection with the PG2 students at the end of the 2021 
semester we discussed the requirement for them to define 
two case studies and they thought it was extra unhelpful 
work. The original justification for two case studies was 
that it would enable them to switch to a different case 
study if they hit a dead end with their tool in that study. 
However, if we take the input from the PG1 course, then 
the students could identify a single case study in PG2 
based on the captured learning (by)products of PG1. This 
was a good example of waste by ‘just in case’ thinking. 
From a constructivist perspective in PG2 the learning 
relies on previous experience with coding - and this is a 
factor in the assessment of the final product - it is therefore 
important to consider the students prior engagement with 
code before starting the course. One suggestion for next 
year could be that at least one person in the group should 
have taken the python course. This was also true in PG1 
where students felt that: ’It seems that the teachers expect 
you to have knowledge of the subject [..] Therefore, It 
could be considered whether the students' completed 
courses should have an influence on which subject one is 
assigned.’ This suggestion has been incorporated into the 
2022 version of the course, but the feedback on this is 
unfortunately not yet available. 
To increase the autonomy of the students learning, since 
2021 students in PG1 are allowed to choose their own 
learning ‘KPI’s. This allows them to set the relative 
sustainability of their project for instance and how they 
weight this against the importance of cost and time and 
spatial density. A future student could then consider how 
to reuse and adapt the product and its’ learnings to their 
own criteria. However, the implications of the KPIs and 
the work required behind them need to be clearly 
expressed to address the concern of some of the students 
(in PG2): ’The PMs responsibilities have grown from the 
beginning till the end and involve a lot of stuff not 
mentioned in the introduction, like LCA, DGNB-
certification and creating a construction schedule.’ 

Discussion 
This investigation of four architectural engineering 
courses through the lens of the three principles of 
circularity provides a starting point to support the 
development of a prototype circular learning system. The 
findings for each principle are summarised below from 
both a biological and technical cycle perspective and are 
based on the methodology defined in Figure 4. 

Eliminate waste 
From a biological perspective the biggest waste is 
students’ motivation, which should be supported as much 
as possible. An approach could be to design and support 
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learning activities to provide continuous feedback on 
learning objectives. From a technical perspective it is the 
reproduction of assignments which makes the product of 
the learning activity wasteful. Activities should be 
developed in a course, to coordinate the learning inputs 
and products between and within courses in a programme. 

Circulate products and materials. 
The discussion of principle 2 resulted in a proposal to 
share the products of BIM and other assignments with the 
from PG1 in the spring with the PG2 in the autumn. For 
this, it is important that the products are developed in a 
standard format, in our case this is IFC for the BIM files. 
The PG2 could then build new, refurbish or maintain tools 
to support analysis in PG1.  

Regenerate Natural Systems 
Following on from the previous principle, the regenerate 
natural systems principle was investigated to suggest that 
PG2 could then use the tools developed in PG1, test them, 
and give feedback on them back to PG1 in the following 
semester. This circular link between the courses would 
support the courses as a regenerative natural system.  

Conclusions 
Circularity is shown here to be a productive lens to 
explore an alternative education system for the AEC. 
Based on this a prototype Circular Education System is 
described here, that has designed out its waste, reuses the 
work of its students and continuously generates feedback 
to support the growth of the next generation of AEC 
professionals. To support this, three new circularity 
concepts of are defined. Circular Programmes: At the 
programme level a course could be set up to focus on 
‘circularising’ existing course offerings increase the 
circularity of the programme. Circular Courses: Circular 
courses reuse the product of the student’s learning. Linear 
courses do not. To make a linear course circular a starting 
point is to identify how the products of a course can be 
reused and eventually maintained (Figure 3). Circular 
Objectives: A focus on learning objectives supports the 
alignment of the students’ circular education. This will be 
explored in more detail in future work. 
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Abstract
Machine Learning (ML) models are key enablers for the
implementation of different energy-efficiency strategies in
buildings. There are a variety of frameworks that facil-
itate the development of ML models, but it is necessary
to move into a different environment for their deployment
and exploitation. Furthermore, their performance tends to
degrade over time. Consequently, they need to be regu-
larly evaluated and upgraded to ensure the robustness of
the overall solution. The seamless exploitation, adapta-
tion and evolution of ML models is still an open issue
nowadays, and in this article, a software framework called
PRENERGET aimed at addressing this issue is presented.
The main contributions of PRENERGET are, on the one
hand, the facilitation of the exploitation of ML models
to make forecasts related to energy efficiency, and on the
other, the maintenance and, if possible, the improvement
of the forecasting performance over time.

Introduction
Nowadays, the building sector’s energy consumption ac-
counts for almost a third of the total energy consumption
and its share of emissions has risen to almost 30% (In-
ternational Energy Agency 2021). As a matter of fact,
the energy consumed in the building sector is responsible
for nearly 3 Gt of direct CO2 emissions. Space heating,
cooking and other daily activities account for the majority
of global CO2 emissions today in the buildings sector (In-
ternational Energy Agency 2021), and the demand side
management (DSM) and demand response (DR) programs
have emerged in an effort to minimise these figures (Warren
2014, Albadi & El-Saadany 2007). However, the imple-
mentation of DR programs is not straightforward (Esnaola-
Gonzalez et al. 2021), and being able to accurately forecast
the energy demand plays a crucial role.
Artificial intelligence (AI) systems, and more precisely,
Machine Learning (ML) based models have showcased
their prominence in creating accurate predictions (Gómez-
Omella et al. 2021, Tascikaraoglu & Sanandaji 2016, Lu-
sis et al. 2017). There are a variety of environments and
frameworks that facilitate the development of ML models,
but when it comes to their deployment and exploitation,
it is necessary to move into a different environment. Cer-
tainly, the value offered by the models is more often than
not limited by the use of inappropriate application logic.
Furthermore, under normal conditions, ML-based fore-
casting models performance degrade over time due to a
change in the environment that violates the models as-
sumptions (Widmer & Kubat 1996). Consequently, the
deployed models need to be regularly evaluated and up-

graded to ensure the robustness of the solution they are
part of (Žliobaitė et al. 2016).
The seamless exploitation, adaptation and evolution of
ML-based models is still an open issue nowadays, and
in this article, a software framework called PRENERGET
aimed at addressing this issue is presented. Namely, the
main contributions of the developed framework are:

• To facilitate the exploitation of ML models to make
forecasts related to energy efficiency.

• To maintain and, if possible, improve the forecasting
performance over time.

The rest of the article is structured as follows. First, a sum-
mary of previous works found in the literature is presented
in the Related Work Section. The development and de-
ployment of PRENERGET is detailed in The Framework
Section. Later, in the PRENERGET On the Loop Section,
PRENERGET is validated in a real use case and the results
obtained are shown. Finally, the conclusions obtained are
summarised and future work is presented.

Related work
The AI is currently experiencing an upsurge that can be
attributed to advances in computing and the increasing
availability of data, and it has been useful for solving prob-
lems of different nature, including forecasting problems.
In the field of energy efficiency in buildings, being able
to accurately forecast future situations is key to ensure
optimal decision-making. For example, forecasting the
energy to be consumed and the energy to be produced by
renewable systems installed in a building can contribute
to maximising their energetic efficiency by implementing
load curtailment (i.e., a reduction of electricity usage) or
reallocation (i.e., a shift of energy usage to other off-peak
periods) (Esnaola-Gonzalez et al. 2021).
Regarding the forecasting of energy coming from renew-
able sources, different approaches and mechanisms can
be found in the literature, including ML algorithms. As
a matter of fact, they have been proven to perform well
when forecasting energy to be produced by photovoltaic
panels (Ahmed et al. 2020, VanDeventer et al. 2019), solar
thermal collectors (Unterberger et al. 2021) or even wind
farms (Juban et al. 2007). Likewise, for the forecasting of
buildings’ energy consumption, different ML algorithms
have been demonstrated to be valid. In (Zhang et al. 2018),
a support vector regression modelling approach has been
used for forecasting households electricity consumption,
both to daily and hourly data granularity. But other algo-
rithms such as regression trees and neural networks have
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also been used in day-ahead load forecasting for residential
customers problems (Lusis et al. 2017).
There are numerous software applications, tools and IDEs
(integrated development environment) such as R Studio,
Weka or Rapidminer that offer many possibilities for cre-
ating and training ML models. However, they do not offer
functionalities that go beyond their own environments, and
in order to deploy the developed models, the integration
with other software is necessary. This concept has been
extended to the cloud, which offers many advantages when
it comes to the deployment of applications, both in terms
of ease and scalability. In this regard, products such as
Google Vertex AI and Amazon SageMaker offer sets of
tools that enable deploying models in their own cloud in-
frastructure. The problem arises when users want to deploy
these models on their own infrastructure or integrate them
with applications that use their infrastructure.
In addition, the rapidly changing environment where we
live in leads to the degradation of forecasting models’
performance. This fact can be evident when abrupt
changes occur such as during the COVID-19 pandemic-
related confinement, curfew and mobility restriction mea-
sures (Gomez-Omella et al. 2020), but there are also other
subtle changes that may equally affect the performance.
This is known as the concept drift problem, which means
that the statistical properties of the target variable the
model is trying to forecast, change over time in unfore-
seen ways (Lu et al. 2018). In the face of such changes,
forecasting models need to be adapted (Gama et al. 2014).
Understanding the effect of the drift on the ML perfor-
mance and defining the most appropriate adaptation strate-
gies to make them more robust is one of the first steps to
be considered. As a matter of fact, depending on the type
of change, different adaptation mechanisms may be im-
plemented. The work presented by (Celik & Vanschoren
2021) proposes different adaptation strategies that start
from an initial model trained at least once with an initial
batch of data. The strategy to follow will not always be the
same and it will depend on many factors (e.g., the nature of
the data, the application domain, unexpected events, etc.).
This strategy will be determined by the data analysis task
who is in charge of understanding the behaviour of the
derivative of the model, detecting it, and even anticipating
it.
The monitoring of the forecasting models’ performance on
the one hand, and the implementation mechanisms of the
model adaptation on the other, are repetitive tasks that have
a cost in terms of personnel dedication that, in many cases,
may not offer improvements and therefore added value.
Automating the models’ performance evaluation and adap-
tation as well as the deployment of the adapted models al-
leviates workers from this tedious task and achieves better
results by potential possible manual errors. Furthermore,
this automation will also facilitate the selection of strate-
gies to be followed when adapting the models.
Google also offers the open-source product TensorFlow
which allows integration into on premise infrastructure.

This suite includes the Pusher model deployment tool as
well as other tools for model evaluation and validation such
as Evaluator and InfraValidator. In this case, the developer
is limited to use these libraries to generate the models and
will not be able to use other languages such as R. On the
other hand, the automation of the updates will have to
be implemented in programming code using the previous
tools.
Clipper (D. Crankshaw 2017) has been developed at a
higher level of abstraction so as not to depend on certain
frameworks to build the model. This framework is modular
and allows invoking models developed in Apache Spark,
Scikit-Learn, Caffe or TensorFlow. Clipper facilitates the
integration of models through a unified REST interface
but lacks model updating capabilities. Data and Learning
Hub for science (DLHub) (Zhuozhao Li 2021) is another
framework for the development of ML models. One of
its pillars is the use of a standard model invocation via
the previously developed “funcX” (R. Chard 2019, 2020),
function and other one the use of Docker based containers
as the current work. It is an excellent environment with
good model characterisation capabilities and good perfor-
mance, but it is oriented to research environments and not
to production environments where resources have different
restrictions. Muthusamy et al. (2018) shows a layer that
encapsulates the ML models to provide a microservice in-
terface that can be exploited in business applications. In
this case, the model developer must be able to implement
the defined interface. This interface offers functionalities
to detect data drift and KPIs on accuracy and therefore as-
sesses the need for retraining, but the update of the models
is left out of the scope of the work.
Data scientists are experts in creating the ML models that
solve the aforementioned prediction problems but the de-
ployment of these models into production for their ex-
ploitation is not as straightforward as it might be thought.
As a matter of fact, when it comes to exploiting the mod-
els, they are confronted with different execution environ-
ments than those used for analysis. These environments
may work with technologies that are beyond the scope
of knowledge of data analysts. And here is where pro-
grammer analysts come into play. They are specialists in
creating software to be exploited in a given environment,
but their knowledge of ML is often insufficient. There-
fore, collaboration between the two types of profiles is not
straightforward due to the different nature of the environ-
ments in which each works.
A framework to unify the interfaces between both of them
can significantly improve the interaction necessary for the
joint development of the software needed to not only
exploit the forecasting models but to also ensure their
performance over time. To the extent of knowledge of
authors, existing approaches do not cover these require-
ments (Simmhan et al. 2013, Choi et al. 2016). Therefore,
the definition and implementation of the necessary infras-
tructure, mechanisms, channels, interfaces, and workflows
to facilitate the automation, deployment, and execution

Page 404 of 605



of ML models under the same software architecture to
streamline the process is a necessity.

The Framework
In this section, the design and the development of PREN-
ERGET is presented. PRENERGET is a software frame-
work for the deployment of ML models and its automatic
adaptation to potential changes. The software framework
offers a pipeline and a set of interfaces to incorporate data
from different sources; the invocation and execution of
multiple ML models; the mechanisms for monitoring and
estimating the error generated by the ML models; and the
required elements for the evaluation of the model and its
future adaptability. PRENERGET provides a modular ar-
chitecture with all the advantages that this involves and in-
cludes consistency in development, reduced development
time, and flexibility.

Development
PRENERGET provides the data flows and workflows that
maps out the flow of information, the definition of the
pipelines for the interconnection of the different blocks
or functionalities and the workflow engines that orches-
trate the execution of tasks and exchanges of data between
them. It is based on the interoperability offered by a set of
REST API services, used to design, and integrate applica-
tion software on different platforms, and a set of standard
interfaces with an execution environment based on the R
programming language that allows the development of ad-
vanced ML functionalities. This makes it easily integrated
with other software either locally or remotely.
PRENERGET includes the following functionalities:

• R Script execution: The set of programs and func-
tions implemented in R programming language. They
are in charge of training, executing and evaluating the
ML models. They also include the functions to im-
plement the automatic adaptation strategy or model
adjustment. These functions can change, vary or even
be replaced by others at any time without affecting the
rest of the infrastructure because PRENERGET pro-
vides a modular architecture.

• Task Scheduling: The set of Web services imple-
mented in Java that encompass a set of tasks that can
be executed both periodically and on demand. Most
of these calls use a client to communicate with an R
server, where the scripts are executed.

• Data management: The PRENERGET architecture
uses two types of databases. The first type, called
’external databases’, is used to acquire the data and to
develop the initial ML model its future re-adaptation.
Being a modular and flexible architecture, it can work
for any type of database (e.g., relational, time se-
ries...). All it takes is to change the connector to the
database and the architecture will continue maintain-
ing the rest of the functionalities. The second type,

called ’internal database’, is a database that includes
the information to manage the tasks, and metadata
about the models. This database allows the trace-
ability monitoring and the correct understanding and
interpretation of the models.

Figure 1 shows an example of the data flow between the R
Scripts and the Web service that handles task scheduling
and data management. In the flow, the components that are
executed in the Web service are coloured blue and those
that are carried out in the R scripts are coloured yellow.
The components with grey bands represent the main scripts
or classes while the solid components indicate actions that
are carried out within them.

Deployment
The functionalities described in the previous section are
provided by 3 software components. These have been
encapsulated in Docker (Merkel 2014) containers to ease
deployment, as shown in Figure 2.

• R server: Will contain a running instance of R engine,
along with the scripts and models to be called. As
R does not need compiling to be executed, scripts
can be updated or added during run-time, without the
need of stopping the software.

• Apache Tomcat: The task scheduling and data man-
agement functionalities will be provided by a Web
service developed in Java, hosted in a Apache Tom-
cat server. By publishing the functions in a Web based
API interface testing and integration with other soft-
ware becomes easier.

• Internal Database: This component stores the data
used by the Web service: models, variables, data
sources and scheduled tasks. This data is for inter-
nal usage only; data used to feed the model such as
historical knowledge is stored in databases external.
They are used by the software but are not considered
part of the software solution.

The specific actions of the scheduled tasks change between
different types but they follow a similar approach. After
retrieving information of the involved variables from the
database, the task will prepare the call to the script, re-
trieving data from the associated data sources and setting
up the parameters. The R engine will be called to execute
a specific script with the given parameters. After the ex-
ecution has finished, it will read the results and use them,
storing them, notifying other software or using them as
parameters of other scripts.

PRENERGET on the loop
For the automation of PRENERGET, the period of execu-
tion of the previously explained flow (Figure 1) is decided.
In each of these executions, a different training data set will
be chosen from an external database to develop a model.
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Figure 1: Data flow for model adaptation and updated

Figure 2: Software components architecture (with data sources)

Since the data is stored as time series over time, it is de-
cided to use moving windows to update the values of the
training phase. In this way, in each model fit, the oldest
historical data is eliminated and the most recent is added to
the training set. Afterwards, the training phase is started
by calling an R script in charge of adjusting the model
parameters using different techniques that allow generali-
sation, such as the commonly used k-fold cross validation.
In the next phase, the evaluation of the model is done by
calling another R script that obtained the errors or devi-
ations of the training phase. These errors are calculated
comparing the forecast values with the actual values reg-
istered available from the historical data. The update of
the model in production will be based on the improvement
of these error values that can be calculated using different
metrics such as the Root Mean Squared Error (RMSE) or
the Mean Absolute Error (MAE) among others. That is, in
the last phase, the errors from the new and the old models
are compared and if the new model improves the perfor-
mance of the deployed model, it will be used to replace
such a deployed model.
Being modular and configurable, PRENERGET allows

programming different strategies, both for the testing and
evaluation of the models, and for their update and adapta-
tion to changes, in an agile and simple way.

Use cases
The feasibility of the PRENERGET framework has been
tested in two real-world energy efficiency scenarios. On
the one hand, in a neighbourhood in Madrid (Spain), and
on the other, in a research centre in Eibar (Spain). For the
sake of simplicity, this section will focus only on the latter.
However, it is worth mentioning that the PRENERGET
framework is designed to be applicable to other energy-
related use cases.
The main objective of the forecast task was to provide ac-
curate electric demand forecasts for the next day, so that
adequate energy-saving strategies could be implemented
in advance. Such forecast task has been performed using
ML strategies based on the historical records containing
hourly electric consumption data measured in kWh. So,
before running the data flow of Figure 1, the forecasting
algorithm, input variables, training method, and error met-
rics to be used should be set.
A previous comparative study of the results obtained from
different ML algorithms concluded that the K-Nearest
Neighbours (KNN) was the most efficient algorithm to
provide further values in the problem at hand. The KNN
was compared with an ARIMA model, a Linear Regression
and a Support Vector Regression, obtaining better results
both in forecast errors and in computational time. As a
matter of fact, this method gives an accurate forecast due
to the seasonality and the repetitions in the daily electric
demand (Gómez-Omella et al. 2020).
After analysing different date and time related variables,
the hour, the day, the month, the season of the year, the
day of the week and a binary variable indicating whether
the day is a working day or not, were the selected vari-
ables as they provided the highest correlations with the
output variable. These support variables are needed to
be used as inputs for the KNN algorithm, as the available
data was a univariate time series containing the electricity
consumed and a time index. As the KNN is an algorithm
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that calculates distances between instances in order to de-
cide the most similar neighbours, trigonometric transfor-
mations were made in cyclical variables. In other words,
the hours and the month are modified to the sine and the
cosine of their values to force their values to be equidistant,
as explained in detail in Gomez-Omella et al. (2020).
Then, a 5-fold cross-validation technique was set to decide
the optimal number of ’k’ neighbours and the model was
then fitted using a subset containing the 70% of the entire
data available. This is a classic ML model training strategy
that reserves 30% of the data to validate the decisions made
in training task.
Finally, regarding the evaluation of the model accuracy, the
RMSE was the metric chosen to compare the performance
of the models. This value quantifies the mean error made
in a forecast by averaging the squared errors made in all the
estimated future points once their real values are known.
The RMSE unit of measure is the same as the original data,
making it intuitive to interpret.
Once the characteristics of the process have been config-
ured for the specific problem, a first version of the KNN
model was developed and deployed, and an automated task
was programmed to execute the data flow from Figure 1
every day at 00:00h, that is, once every 24 hours.
In each iteration, the first phase consists in retrieving set
of data to train the model. This set of data consists of
historical energy consumption registries of the last 365
days stored in an external database. It is worth mentioning
that, in this phase, a 24-hours rolling window has been set,
so that in each iteration, the previous iteration’s data set’s
first day is removed, and the last day is added to conform
the new data set to train the model. The second phase
consists in training the ML model. To do so, an R script
is called which contains the functions to carry out the
cross validation process and choose the optimal number
of neighbours k to be used. Once the model is trained,
in the next phase, it is evaluated by obtaining its RMSE.
By calling an R script, the RMSE of the training phase is
obtained and the score is stored in an internal database so
that it can be retrieved at any given time. Furthermore,
in this phase, the currently deployed model’s RMSE is
obtained in order to, in the next phase, compare it with
the newest model’s RMSE. As it can be seen in Figure 1,
the model version update occurs in case the new model’s
RMSE is lower than the deployed model’s RMSE. Every
time a new model is created in each iteration, it is tagged
with a different version code.
It starts with version 0.0 and then, version 0.1 is created.
In case that version 0.1 was better than 0.0 and the current
model needs to be replaced, version 0.1 will be automati-
cally renamed to 1.0. Therefore, the model version coding
convention is as follows. The models created in each iter-
ation are labelled as minor versions x.1, x.2, x.3,... and the
deployed ones as major versions 1.0, 2.0, 3.0,... If a given
created model performs better than the deployed one, it is
renamed as a major version. This approach allows to con-
trol the evolution of the model performance and to alert in

case the values deviate from the acceptable boundaries.

Results
The process was initialised developing a model with a
training set containing hourly electric consumption from
2020-03-30 to 2021-03-29, and an RMSE of 22.16 kWh.
This model corresponds to the first version being deployed,
so it is labelled as version 0.0. Once deployed, the first 24
hourly values forecast were corresponding to the next day,
that is, 2021-03-30.
In the next iteration, the model 0.1 was trained with data
from 2020-03-31 to 2021-03-30. Then, the RMSE ob-
tained from the training of the deployed model 0.0 and the
training of the new model 0.1 was compared. However,
the new model 0.1’s RMSE was higher, so the model 0.0
was not replaced and it continued to be active.
In the next iteration, a new model 0.2 was trained us-
ing data from 2020-04-01 to 2021-03-31 and the RMSE
obtained was 21.58 kWh, less than that provided by the
then-deployed model 0.0. For that reason, the model 0.2 is
renamed as model 1.0 and it replaced the deployed model
0.0.
These iterations are repeated every 24 hours and the infor-
mation of the models developed and deployed in the afore-
mentioned scenario are summarised in Table 1, where the
different updates of the versions of the model can be seen.
Notice that the models that which are not deployed, are not
included in that table.
In the first update, the RMSE of the model decreased
from 22.16 kWh to 21.58 kWh in two iterations, that is
forecast performance improved on average 0.58 kWh per
day. Then, ten days later, the RMSE improve 0.30 kWh and
that difference in error decreases in subsequent iterations.
The rate improvement of the estimations depends on the
data and the execution time, although the error is expected
to reach a stable state. The process is still running and
the model is continually being updated in order to pro-
vide estimates of further electric demand as accurate as
possible.
It is expected that the better the model fits in forecasting
historical data, the more accurate future forecasts will be.
This can be different in case an unexpected sharp change
in data statistical properties changed. That can be seen in
Figure 3, where forecast values obtained with the different
model versions are shown (to facilitate the visualisation,
it was decided not to show the forecasts of version 0.0).
As it can be observed, the estimated values and the actual
values are increasingly similar as the version of the model
is updated.

Conclusions
AI systems, and more precisely, ML-based models are
key enablers for the implementation of different energy-
efficiency strategies in buildings. However, their seamless
exploitation, adaptation and evolution when they are de-
ployed into production is still an open issue nowadays. In
this article, a software framework called PRENERGET
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Table 1: Snippet of the version update report of the deployed models
Version Initial Training Date Final Training Date RMSE (kWh) First Forecast Date

0.0 2020-03-30 2021-03-29 22.16 2021-03-30
1.0 2020-04-01 2021-03-31 21.58 2021-04-01
2.0 2020-04-11 2021-04-10 21.28 2021-04-11
3.0 2020-04-12 2021-04-11 21.25 2021-04-12
4.0 2020-04-14 2021-04-13 20.93 2021-04-14

Figure 3: Evolution of the electric demand forecasts from the different versions of the deployed models

has been presented, aimed at facilitating the exploitation
of ML models, and maintaining and if possible, improving
their performance over time.
PRENERGET’s modular architecture facilitates the de-
ployment of forecasting models. Analysts can concentrate
on developing the models in their environment based on
R, or another programming language. People closer to
systems management can implement them in a simple way
as they only have to link the databases used and program
when the invocations to the models will be made to ob-
tain the desired predictions. In this way, it will be very
easy to have several forecasters of different variables such
as energy, temperature or occupancy applied to different
facilities such as rooms, machines or entire buildings.
ML models are unable to keep pace in today’s fast-
changing world and their performance tends to degrade
with time. Dealing with this issue and ensuring that de-
ployed ML models provide operational results requires
from an intensive effort of data scientists and ML experts.
Even worse, in environments where many models are de-
ployed, this can end up being an insurmountable barrier
that hinders the successful deployment of an energy ef-
ficiency system. PRENERGET reduces costs, time and
errors derived from human intervention in ML model per-
formance maintenance and improvement tasks by automat-
ing it. Results show that in, a rather limited period, the
performance of models can be improved up to 6%.

Future Work
After evaluating the work done, two possible points for fu-
ture improvement are identified. On the one hand, in some
cases, missing data were identified after the execution of

the forecasts. Furthermore, when the connection was re-
established and the values were captured again, the first
value registered was the accumulated value of all the miss-
ing values. Therefore, the values provided by the systems
were not realistic due to the number of values that were not
correctly received. A function that identifies this kind of
failures and impute the missing values with the most suit-
able method before the execution of the forecaster is left
to further research. It is expected that the results obtained
after this modification provide more accurate results. On
the other hand, the implementation of a degradation con-
trol system of the final model is to be implemented. As
mentioned, the internal model error is expected to stabilise
over time and updates to production models will become
less frequent. In these cases, the evolution of the errors
in the predictions could be evaluated to avoid the concept
drift of the deployed model.
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Abstract 
Currently, there is great concern about adequate indoor 
ventilation to prevent adverse effects on occupants’ 
health, and, within educational buildings, to ensure 
students and professors’ well-being and improve learning 
processes. This paper aims to present an innovative 
framework, developed within the IAQ4EDU project, to 
improve the effectiveness of the ventilation strategies in 
educational centres considering the indoor air quality, 
thermal comfort, energy consumption and global costs. 
This consists on characterise indoor air quality, simulate 
building ventilation strategies using reduced order models 
and develop multi criteria decision making method. 40 
classrooms located in 20 Spanish educational buildings 
are used as case study. 

Introduction 
With the spread of the COVID-19 pandemic, indoor space 
ventilation has lately become a hot issue. Although the 
relationship between adequate ventilation of spaces and 
its impact on respiratory infections has already been 
studied. Some examples are the models created to 
estimate the risk of infection by tuberculosis, influenza, 
rhinovirus or SARS in indoor spaces developed by Riley 
et al. (1978) and updated by Gammaitoni and Nucci 
(1997). In this line, Du et al. (2019) concluded that the 
improvement of the ventilation rate by keeping carbon 
dioxide concentrations below 1000 ppm has an impact on 
a reduction in the incidence of infections. Adequate 
indoor ventilation is also necessary to guarantee the well-
being of teachers and students and improve cognitive 
abilities (Yang et al., 2020). 
The vast majority of Spanish academic buildings were 
built before 2007 without mechanical ventilation systems 
(RITE, 2007). Therefore, the IAQ (Indoor Air Quality) is 
subjective, depending on the perception of the inhabitants 
(Stabile et al., 2019) and their reactions. Natural 
ventilation solutions are considered the most effective and 
practical measures. Nevertheless, users may not always 
follow window opening recommendations due to poor 
thermal comfort, especially in cold seasons, thus 
compromising indoor air quality. On the contrary, when 
the occupants follow the recommendations, the energy 
consumption is increased to counteract the thermal 
discomfort. 

The main objective of this paper is to introduce a novel 
methodological and technological framework for the 
optimization of ventilation strategies in scholarly 
buildings considering the indoor air quality, thermal 
comfort, energy use and global costs. Guaranteeing that 
indoor activities in educational facilities are conducted 
with adequate thermal comfort and indoor air quality by 
establishing proper ventilation strategies will increase the 
health and well-being of the occupants along with their 
performance and productivity. Following this section 
current trends in ventilation strategies, indoor air quality 
and thermal comfort in educational centres and decision 
making tools are presented. Then, an innovative approach 
for the optimization of ventilation strategies to offset 
indoor air quality, comfort and energy consumption in 
scholar centres is described. Finally, the case study is 
described and the expected results impact are presented. 

Background  
Ventilation strategies, indoor air quality and thermal 
comfort in educational centres 
The most effective control strategy for respiratory 
diseases (i.e. tuberculosis, SARS-CoV-2 or COVID- 19) 
is ventilation (Du et al., 2019; Guo et al., 2021). 
According to this, HVAC operation guidelines developed 
in response to SARS-CoV-2 virus (i.e. REHVA, 2020; 
ASHRAE, 2020; CSIC, 2020; etc.) highlight the 
importance of indoor ventilation but they do not 
determine the specific ventilation rates (air changes/hour) 
required to eliminate the risk of transmission (Guo et al., 
2021). 
Natural ventilation depends on the temperature gradient 
between the indoor and the outdoor, the air velocity, the 
wind direction, the size and geometry of indoor spaces, 
the occupancy and the activities performed in there. 
Measuring ventilation air change rates is a difficult and 
expensive task and they are often assessed using CO2 as a 
tracer. Several authors demonstrated that ventilation 
strategies based on CO2 monitoring can also provide 
significant energy savings in front of constant air volume 
rates in educational contexts. In general, previous 
research initiatives have mainly focused on the students’ 
exposure to air pollutants and its effects on brain 
development (i.e. the CleanAir@School project, 2020), 
but none of them have used indoor air quality results to 
identify proper air renovation strategies or have limited 
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the scope to mechanical systems. Rufo et al. (2016) 
highlighted that despite the studies and European projects 
(SEARCH II Project, 2013; SINPHONIE, 2014) 
performed in the last decade on indoor air quality in 
school classrooms, the problem continues without 
satisfactory solutions. 
CO2 measurement practice generally relies on using 
deterministic approaches to determine air change rates. 
Nevertheless, previous studies reported successful 
implementations of stochastic approaches based on 
reduced order models and measured data for different 
purposes such as electrical heating load shifting (Robillart 
et al., 2019), to model the indoor CO2 concentration 
(Macarulla et al., 2017), and to estimate buildings 
occupancy using CO2 concentration measurements (Wolf 
et al., 2019) or ventilation rates (Macarulla et al., 2018). 
Reduced order models are seen as a good alternative to 
complex building models where small accuracy 
improvements require much more detailed information 
and increased computational efforts and, with that, its 
functional applicability gets reduced for business- 
oriented applications (Schubnel et al., 2020). The 
IAQ4EDU project aims to take advantage of relatively 
simple and solid reduced models to identify those 
ventilations rates that guarantee proper indoor air quality 
levels in educational centres, being able to address a high 
number of scenarios with reduced computational 
resources. 
Within the thermal comfort area in educational centres, 
significant differences between the expected values of 
thermal comfort using models proposed by existing 
standards (ASHRAE 55, ISO 7730, EN 16798, etc.) and 
the values obtained in experimental campaigns have been 
identified by authors such as Haddad et al. (2016) and 
Wang et al. (2017). A review of previous thermal comfort 
field studies in school classrooms can be found in 
Aparicio-Ruiz et al. (2021). Few studies carried out a 
comparative analysis at different levels of education. In 
addition, and during the last decade, most of existing 
studies on thermal comfort in educational buildings were 
conducted in Asia and South-America, leaving European 
countries aside. This is important because both the main 
characteristics of the buildings and climate conditions 
have a huge impact on this kind of studies. 
To the authors knowledge, no previous research initiatives 
simultaneously evaluate indoor air quality and thermal 
comfort in educational buildings to determine suitable 
ventilation strategies and corresponding ventilation rates. 
Only Franco and Shito (2020) have recently developed a 
multi-objective methodology to establish optimal 
mechanically assisted air exchange rate of indoor spaces 
based on the actual occupation’s profile obtained by 
monitoring the increase of carbon dioxide concentration 
with time. The IAQ4EDU project will broaden the scope 
by assessing not only mechanical systems but also natural 
ventilation and hybrid (combination of both) approaches. 
In addition, this project adds other variables such as 

thermal losses and energy flexibility potential to 
maximize the accuracy and profit. 

Decision making tools  
In order to guarantee good and serviceable ventilation 
condition, the education community may need to invest in 
their HVAC infrastructure assets. However, such task is 
becoming more challenging than ever before due to the 
increase in demand and the reduction of human and 
financial resources (REHVA, 2020). Thus, it is utterly 
necessary to develop prioritization methodologies in order 
to assure rational and systematic investment choices 
based on economic, social and environmental grounds 
(Lazar et al., 2021). 
In practice the most common way to prioritize 
investments is the cost effectiveness analysis, where the 
costs of different homogeneous alternatives are compared 
( Enthoven, 2019). Other monetary-based decision-
support techniques are: financial analysis; life cycle cost 
analysis and cost-benefit analysis (Pujadas et al, 2017). 
However, prioritization decisions are often complex and 
multifaceted problems, which involve addressing and 
balancing a broad range of considerations, incorporating 
not only environmental information, but also economic 
and social aspects, technological and scientific data, 
ethical and political concerns, and stakeholder interests. 
All these considerations may make any decision process 
inherently multi-objective, limiting the individual or 
group capacity to decide. Consequently, decision-makers 
in the built environment demand systematic frameworks 
to integrate all this heterogeneous information facilitating 
a structured, understandable, and defensible decision (del 
Mar Casanovas-Rubio et al, 2019). A systematic 
methodology that is capable of synthesizing these 
heterogeneous considerations in order to evaluate and 
prioritize among different alternatives is multi-criteria 
decision analysis, so called MCDA ( Pujadas et al, 2019). 
A number of multi-criteria analysis’ methodologies have 
been developed over time with the aim of providing a 
systematic framework that considers the 
multidimensional nature of real-world problem such as 
weighted sum model, weighted product model, 
compromise programming, analytical hierarchy process, 
ELECTRE, TOPSIS, PROMETHEE or VIKOR. 
Nowadays these methodologies are usually used 
introducing fuzzy modelling based on hesitant linguistic 
term to represent uncertainties on assessments. MCDA 
allows to break each problem into its constituent parts in 
order to understand evaluation ( Jamwal et al., 2021). A 
complete review on the MCDA methodologies and its 
engineering applications for ranking homogeneous 
alternatives developed over the last twenty years can be 
found in Zavadskas et al. (2015a) and Zavadskas et 
al.(2015b). 
Although project prioritization is a widely used tool to 
evaluate and rank projects or investments, all the existing 
research on this topic has been mainly focused on the 
evaluation and ranking of transportation infrastructure 
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planning projects. However, little (or non) attention has 
been paid in the particular prioritization of investments in 
HVAC infrastructure based on a risk assessment. 

Optimal ventilation strategies for balancing 
indoor air quality, comfort and energy use 
in educational buildings. The IAQ4EDU 
project  
The IAQ4EDU project  
The IAQ4EDU project, which aims to improve the 
effectiveness of ventilation strategies for the balance of 
indoor air quality, thermal comfort and energy 
consumption in educational buildings, is a project funded 
by the Spanish Agencia Estatal de Investigación within 
the funding program Programa Estatal de I+D+I 
orientada a los retos de la sociedad. The project has a 
duration of three years. It started in September 2021 and 
is scheduled to end in August 2024. 
The IAQ4EDU project aims to optimize the ventilation 
strategies in educational buildings taking into account the 
indoor air quality, thermal comfort, energy use and global 
costs (encompassing operation and investment costs). 
Four specific objectives have been established to achieve 
the purpose of the project. In the first objective, the quality 
of indoor air and thermal comfort of Spanish educational 
centres (primary and secondary schools and universities) 
will be characterised. For this, a CO2 monitoring protocol 
for classrooms and other teaching areas will be developed 
and current indoor air quality and thermal comfort in 
classrooms will be determined by building a controlled 
database. In the second objective, potential ventilation 
strategies that can be used in classrooms and teaching 
spaces will be identified and characterised in terms of 
investment and operating costs. In the third objective, 
potential ventilation strategies and their corresponding 
thermal performance, energy consumption and flexibility 
will be modelled using reduced order models. Within this 
objective reduced order models for air renovation 
strategies will be defined and validated. An energy 
optimizer based on reduced order models and a tool to 
estimate the HVAC systems’ energy flexibility will be 
developed. Finally, in the fourth objective, a multi-criteria 
decision-making method will be developed to prioritize 
ventilation strategies. This includes defining an overall 
HVAC-oriented risk score and a time-responsive decision 
support dashboard and an integrated decision support 
model to assist decision-makers in the prioritization of 
HVAC investments. 

Methodology:  IAQ4EDU framework 
In the following section the methodology and framework 
of the project will be presented. Based on the 
aforementioned aspects related to ventilation strategies in 
educational buildings considering the indoor air quality, 
thermal comfort, energy use and global costs, the 
approach of the IAQ4EDU project includes (i) just natural 
ventilation by opening windows and doors, (ii) low-cost 

mechanical ventilations systems (i.e. ceiling fans or fans 
installed in the facade), (iii) the implementation of 
mechanical systems at constant flow or using demand 
controlled ventilation rates and (iv) hybrid 
implementation approaches. Figure 1 shows the 
framework designed to achieve the objectives of the 
IAQ4EDU project.  
 

 
Figure 1: IAQ4EDU framework 

 

Assessment of the indoor air quality, thermal comfort 
and ventilation in educational buildings  
Educational buildings will be characterised in terms of 
year of construction, building construction characteristics, 
type of ventilation and also to know their willingness to 
take part of the measurement campaign through a survey. 
From those educational buildings willing to take part in 
further activities, a set of 20 educational buildings will be 
selected to be part of the measurement campaign. 
Selection will be made according to main construction 
characteristics, ensuring that naturally ventilated and 
mechanically ventilated buildings are well represented. 
Efforts will be done to achieve the minimum sample size 
for a 95 confidence interval within 5% accuracy. 
The monitoring process of indoor air quality and thermal 
comfort of 40 classrooms (2 classrooms in each of the 20 
selected educational buildings) will be continuously 
conducted during one working day. Measurements will be 
repeated for three different HVAC modes (heating mode, 
cooling mode and neither heating nor cooling mode). 
Previously, a CO2 monitoring protocol for classrooms and 
other teaching areas will be developed. Instrumentation 
and tools for the monitoring process is detailed in Table 
1. 
 

Table 1: Instrumentation and tools for the monitoring process 

Data monitoring Instrumentation and tools 

Indoor environmental data  Thermal microclimate data 
logger (x2)  

Outdoor environmental 
data 

Portable weather station 

Ventilation air change 
rates 

Airflow hood balometer 

Occupants’ personal data Visual inspection 
 

IAQ4EDU FRAMEWORK

Assessment of the indoor air quality, thermal comfort and 
ventilation in educational buildings

Simulation of building 
ventilation strategies using 

reduced order models

Assessment of ventilation 
strategies in educational 

buildings

MCDA-based prioritization investment strategy tool
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Data recorded will be analysed in order to determine (i) 
the ventilation air change rate using stochastic procedures 
based on reduced order models, (ii) the thermal comfort 
using the Predicted Mean Vote (PMV) comfort model and 
(iii) risk of infection due to aerosols using the model 
proposed by Riley et al. (1978) and upgraded by 
Gammaitoni and Nucci (1997).  

Assessment of ventilation strategies in educational 
buildings  
The identification of ventilation strategies for educational 
buildings will include a review: (i) just natural ventilation 
by opening windows and doors, (ii) low-cost mechanical 
ventilations systems (i.e. extraction fans in the facade, 
ceiling fans with ducts to the roof or façade, air recovery 
units, etc.), (iii) the implementation of mechanical 
systems at constant flow or using demand controlled 
ventilation rates and (iv) hybrid implementation 
approaches. A score will be assigned to each of the 
identified strategies according to its feasibility of 
implementation.  
The identified ventilation strategies will be characterised 
in terms of energy consumption, energy flexibility 
potential, investment and operating costs. In order to 
estimate the investment and operating costs, ventilation 
strategies will also be parametrized according to the 
characteristics of the building where they will be 
implemented. 

Simulation of building ventilation strategies using 
reduced order models 
Reduced order models for heat dynamics and indoor air 
quality of educational buildings will be developed and 
validated. In case of forced ventilations strategies, these 
models are the base for estimating the corresponding 
buildings’ energy consumption, depending on the degree 
of intelligence the building might have. These models 
enable to forecast when HVAC systems (if any) should be 
turned on to keep the building within the comfort 
temperature standards and at the same time to keep indoor 
air quality controlled to minimize any health risk. In case 
of having no ventilation system, users are obliged to use 
natural ventilation strategies, which also has a direct 
effect on indoor comfort and, thus, on energy 
consumption.  
The optimization of HVAC energy demand in educational 
buildings will consider different function objectives, such 
as minimization of the energy demand or minimization of 
the energy cost, among others. This is achieved by 
continuously adapting the temperature setpoints or the 
ventilation air flows. The capability of changing the 
building energy demand, maintaining the levels of 
comfort and safety, is called energy flexibility and it is 
only achievable by incorporating a certain level of 
smartness in the building. With this, the IAQ4EDU is 
capable to estimate the energy or cost savings that the 
building should obtain thanks to the incorporation of 
smart systems and to compare the thermal comfort and 
indoor air quality inside the building.  

Flexibility potential for building ventilation systems will 
be simulated. The amount of flexibility per hour each 
building might provide for a determined period of time 
according to its construction characteristics and technical 
heating and ventilation devices will be computed. This 
flexibility values can be upwards or downwards 
(depending on the necessity to increase or decrease the 
energy demand of the building respectively). The use of 
flexibility deviates the demand of the building from the 
optimal energy use considered by behind the meter 
strategies, but it reverts into new revenue streams.  

Development of a MCDA-based prioritization 
investment strategy tool 
For the definition of a HVAC risk score and a time-
responsive decision support dashboard an in-depth 
literature review will be first carried out to identify the 
fundamental parameters to be considered in the risk score 
-such as the air quality and other outputs from previous 
steps. All parameters identified will be used in the 
calculation for the risk score as a composite of the 
likelihood (the probability of a risk event occurring) and 
impact index (the consequences a risk event has). Both 
inputs (likelihood and impact index) will be developed 
thus having a baseline risk score algorithm ready to be 
used. Then, and in order to validate the risk score, 
different but limited number of scenarios will be used for 
benchmarking and eventually better attune the proposed 
risk score (tuning its parameters). Finally, it will be 
defined a connected and time-responsive decision support 
dashboard that allow managers to select the optimal and 
most sustainable ventilation operational strategies and 
good practices to immediately lower the HVAC risk index 
at each moment and depending on each circumstance.  
An integrated decision support model for the 
prioritization of HVAC investments considering the 
uncertainty of the environment as well as the economic, 
social and environmental implications of the decision will 
be defined. Considering the features of the project, 
different MCDA approaches will be analysed and 
compared, and the most suitable for synthesizing 
heterogeneous considerations in order to evaluate and 
prioritize among different alternatives considering the 
sustainable framework will be used. To gather all the 
previous expertise on the topic, regular meetings with 
health policy makers, experts and educational 
stakeholders will be carried out together, thus co-creating 
de sustainability and resilience-based prioritization 
framework which takes into account different scientific, 
technical, social, economic, environmental, ethical and 
political indicators as well as stakeholder interests 
together with the HVAC-oriented overall risk score.  
The validation of the integrated decision support model 
for the prioritization of HVAC investments will take place 
among different education institutions, stakeholders and 
experts to confirm the usefulness of the approach for the 
decision-makers that will have to exploit the outcomes of 
the project. 
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Case study and expected results impact  
The IAQ4EDU project uses Spanish educational 
buildings as a case study. The sample includes 20 schools 
distributed throughout four different climate zones in 
Catalonia. In each educational centre 2 classrooms will be 
continuously monitored during one working day in 3 
different periods depending on the HVAC mode: heating 
mode, cooling mode and neither heating or cooling mode. 
The monitoring process will last 4 weeks in each period. 

Expected results impact  
The educational, medical and scientific communities have 
persistently insisted on the importance of addressing poor 
ventilation in educational centres as it has been linked not 
only to many adverse health effects such as transmission 
of infectious diseases and acute respiratory symptoms, but 
also to students and teachers’ wellbeing, attention and 
productivity. The crossing of indoor air quality with 
thermal comfort and energy consumption for natural and 
mechanical ventilation strategies has not been explored 
before. The expected results of this project are the 
following: 

● A protocol for CO2 monitoring in classrooms and 
teaching spaces. 

● Improve knowledge about indoor air quality and 
ventilation requirements in Spanish educational 
buildings. 

● Identify specific ventilation rates to prevent 
infections caused by aerosol while maintaining 
adequate levels of thermal comfort, taking into 
account the energy efficiency of educational 
facilities. 

● An operating guide intended to help users of 
educational buildings adopt optimal natural 
ventilation strategies to ensure an appropriate balance 
between indoor air quality, thermal comfort and 
energy efficiency. 

● Energy optimizer taking into account indoor air 
quality, comfort and the tool for estimating the 
HVAC energy flexibility. 

● Establishment of a prioritization framework for 
decision makers, oriented toward both short- and 
long-term investments on how, when and where to 
perform maintenance or improvement schemes, in an 
informed, profitable and safety-oriented manner. 
This, considering different technical, social, 
economic, energy and political indicators along with 
a novel and integrated overall HVAC-oriented risk 
score. 

Conclusions 
Poor ventilation of indoor spaces has been linked to many 
adverse health effects such as transmission of infectious 
diseases (i.e.  SARS-CoV-2, tuberculosis or rhinovirus) 
and acute respiratory symptoms. Within education 
buildings, proper ventilation is also needed to ensure 
professors and students’ wellbeing and improved learning 

processes. Natural ventilation is highly encouraged to 
prevent virus’ spread and therefore the recommendation 
is to keep the windows open as long as possible. However, 
and especially during the cold seasons, users may not 
always follow opening windows recommendations due to 
low thermal comfort and thus, compromising indoor air 
quality. On the contrary, when occupants follow 
recommendations, energy consumption will increase to 
reduce thermal discomfort. 
This paper presents the IAQ4EDU project, which seeks to 
optimize ventilation strategies in educational buildings 
considering indoor air quality, thermal comfort, energy 
consumption and global costs (including investment and 
operation costs). Strategies will include (i) just natural 
ventilation by opening windows and doors, (ii) low-cost 
mechanical ventilations systems (i.e. ceiling fans or fans 
installed in the facade), (iii) the implementation of 
mechanical systems at constant flow or using demand 
controlled ventilation rates and (iv) hybrid 
implementation approaches.  
To do so, first characterization of indoor air quality in 
Spanish scholarly centres (i.e. primary and secondary 
schools and universities) will be performed by means of 
an experimental campaign measuring indoor 
environmental parameters (mainly CO2 concentration 
levels and temperature) in 40 classrooms located in 20 
educational buildings under three different conditioning 
modes (heating mode, cooling mode and neither heating 
nor cooling mode). Modelling of potential ventilation 
strategies and their implications on thermal performance 
and energy consumption will be carried out through 
reduced order models. The flexibility potential of building 
ventilation systems, or what is the same, the capability of 
changing building energy demand while maintaining the 
required comfort and safety levels, will also be explored. 
Finally, a multi-criteria decision-making method will be 
developed to prioritize ventilation strategies towards both 
short-term and long-term investments on how, when and 
where to perform maintenance or upgrade schemes, in an 
informed, cost-effective and safety-oriented manner. 
The IAQ4EDU project is expected to improve the 
knowledge about indoor air quality and ventilation 
requirements in Spanish educational buildings. Obtained 
results will allow the identification of specific ventilation 
rates to prevent infections caused by aerosol while 
maintaining adequate levels of thermal comfort, taking 
into account the energy efficiency of educational 
facilities. This will be reflected into a detailed operating 
guide intended to help users of educational facilities adopt 
optimal natural ventilation strategies to ensure an 
appropriate balance between indoor air quality, thermal 
comfort and energy efficiency. Being aware that 
identifying the most relevant and sustainable maintenance 
strategies and priorities becomes a critical activity as the 
gap between the funds available and investment needs 
widens, an integrated decision support model for the 
prioritization of HVAC investments in educational 
buildings will be provided. 
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The educational community (including teachers, students 
and families but also educational building maintenance 
teams) is the main beneficiary of the results expected in 
the IAQ4EDU project as they will be able to use the 
operation guide to adopt the optimal natural ventilation 
strategies to ensure adequate indoor air quality, improve 
thermal comfort and increase energy efficiency. Public 
authorities (i.e. public offices related to education and 
health) and managers of public and private educational 
buildings (i.e. city councils, educational departments of 
regional governments and universities) will take 
advantage of the integrated decision support model for the 
prioritization of HVAC investments. Reduced order 
models will be used by companies willing to participate 
in the electricity market. Building operators will take 
advantage of the energy optimizer tool by embedding it 
within existing building energy management systems. 
The tool to estimate the HVAC energy flexibility will be 
useful for energy service companies wanting to improve 
their technical services. 
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Abstract 

Smart buildings are described to be efficient in their daily 

operation by integrating IoT technologies into the 

building systems (e.g., lighting and HVAC). However, 

concerns have been raised about how and if they perform 

this task. This study investigates the balance of emission 

levels from smart buildings with embedded IoT sensors 

against energy reduction using Integrated Environmental 

Solution Virtual Environment software. Findings show 

that the annual energy consumption from smart buildings 

was reduced by over 38% with smart HVAC and smart 

lights. The embodied emission level from the smart 

building increased by 7% at over 2 kgCO2/m2/yr, a 

drawback that should be considered during the production 

of IoT materials used in buildings. This study 

recommends that real-time monitoring, measurement and 

analyses are carried out to increase potential renewables 

penetration into the energy mix. 

Keywords: energy saving; IoT; sensors; smart building; 

IES VE simulation. 

Introduction 

The energy crisis is happening, and it will only worsen 

given the current increases in energy demand if no drastic 

measures are put in place to improve the existing 

production and consumption practices. Among the 

different sectors of the economy, the building and 

construction sector alone accounts for 38% of global 

energy-related Carbon dioxide (CO2) emissions (UNEP, 

2020). In 2019, emissions from this sector stood at an all-

time high of 10 gigatonnes of carbon dioxide (GtCO2), 

attributed to direct and indirect emissions caused by 

increased demands in the operational phase of buildings 

and adverse weather changes, which resulted in an 

increase of 8.47% in final energy use between 2010 and 

2019 (IEA, 2020). The construction industry in the UK 

alone contributed more than 13 million (m3) tons of CO2 

in 2019, of which buildings and building-related works 

contributed 17% (Tiseo, 2021). However, due to the 

COVID-19 pandemic, global emissions were reduced by 

7% (UNEP, 2020), and will be continuously reduced by 

6% each year if we are to halve the target of the present 

direct emission by 2030. Another source of concern is the 

direct emission from fuels used in domestic buildings for 

heating during the winter months, as this accounted for 

10% of the UK’s carbon footprint back in 2016 (UKGBC, 

2021). Several studies have investigated and made 

recommendations on how the built environment can 

reduce its embodied and operational emissions rate. They 

also mentioned several adaptive measures aided by 

technology, from system automation to passive controls 

deployed over the last decade. One such adaptive and 

dynamic technology is the Internet of things (IoT), which 

has shown huge savings (Amaxilatis et al., 2017; 

Machorro-Cano et al., 2020; Alsalemi et al., 2022). 

The use of IoT technology in buildings has proved 

effective, and energy savings are well documented. 

Different studies exist that measure and quantify the 

emissions levels from using these IoT components for 

building operations and maintenance and suggest how to 

reduce them. For example, Zhao et al. (2022) proposed an 

innovative IoT framework to promote low-energy 

building in densely populated urban areas, which was 

approved to achieve low energy costs. Tanasiev et al. 

(2021) explored detailed IoT solutions to control the 

HVAC system and monitor the environmental 

performance in a real building, which led to significant 

CO2 emission reductions. However, little research has 

been done about the potential environmental ramification 

of IoT devices in buildings to justify if the energy savings 

can equate to the carbon emission levels. 

Therefore, the complete picture of excluding the impact is 

missing. Because of this gap, the energy savings in terms 

of green impact have not been estimated closer to reality 

in smart buildings, prompting an urgent need for a more 

holistic approach guided by data. The impact of building 

emissions embedded with IoT systems should be clearly 

known to provide stakeholders with a better image for 

decision-making, particularly as it affects the 

environment. However, that is missing in the current body 

of knowledge. This study seeks to address this gap by 

investigating how the emission levels from embedded IoT 

devices operating in smart buildings do balance the 

energy reduction of the smart building. The investigations 

are performed using the Integrated Environmental 

Solution Virtual Environment (IES VE) simulation tool. 

Literature review 

IoT developments in general 

IoT technologies have been widely considered to have the 

potential to connect objects to the internet, enabling 

objects to see, observe, detect, record, learn, make 

decisions, and take actions based on data with little or no 

human interference (Alsalemi et al., 2022). Therefore, 

they improve business workflows by minimizing errors, 

and reducing operational costs and waste, while 

increasing speed and system efficiency. However, these 

improvements naturally come with increased demand, 

growth, production, and network connections where IoT 

components numbers spike over the roof through the 
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years. These increasing numbers are likely to raise great 

concerns and challenges from the economic, social, and 

environmental aspects (Quisbert-Trujillo et al., 2020). 

The smart items connected to the internet grew from 6.4 

billion in 2016 to 25 billion in 2021, while some 

researchers predicted these numbers will run into billions 

ranging from 125 to about 160 billion by 2030 globally 

(Nižetić et al., 2020). Another issue is the environmental 

stress by way of e-waste as numbers soared. Le Brun & 

Raskin (2020) discussed the sourcing and the utilization 

of rare earth metals required for their production as vital, 

especially as it consumes six times the energy used in 

plastic or metal processing. Quisbert-Trujillo et al. (2020) 

sounded more alarmed about the energy consumed in 

manufacturing, the ecotoxicity at the end of life, and the 

required components to support accessories that make IoT 

systems work, e.g., battery replacement on some of these 

battery-powered devices, and the resources for 

compressing data to prevent traffic of communication of 

radiofrequency. Nižetić et al. (2020) questioned how the 

monitoring of the network would occur with no current 

standard framework guiding policy on-demand 

maintenance, security, and privacy. They also alluded to 

an increase in fossil fuel use in production and the low 

rate of recycling e-waste, currently at about 20% or less. 
Furthermore, the lead content of these e-wastes is 

dangerous to life. Finally, the urgent legislature on e-

waste, the need for harmonization of the recycling 

process, and improvement in the percentage amount being 

recycled each year as annual generation stood at 44 billion 

metric tonnes. The wastes generated from the IoT 

deployment should be compensated by their benefits in 

terms of energy savings and carbon emissions.  

IoT in Building Energy Savings 

The global energy savings conundrum necessitates 

retrofit measures in buildings to reduce energy intensity. 

Papadopoulos et al. (2019) divide this into the technical 

and operational retrofit. Walls, roof insulation, and high-

performance windows are some examples of technical 

retrofits, and may not be economically feasible to replace 

in the existing buildings due to the high upfront cost 

associated with them. Also, it involves the physical 

alteration in the design, something particularly 

challenging for the old and historic buildings as is in the 

UK. Another challenge is the operational or human-based 

retrofit, which refers to actions that occupants and 

building managers can take to improve energy 

performance by adjusting the HVAC system, reducing 

light and equipment usage, and opening windows for 

natural ventilation during the summer months. Dong & 

Andrews (2009) combined the distribution of IoT sensors 

and energy plus simulation tools to achieve 30% energy 

savings while maintaining indoor comfort levels for a 

room. For it to be efficient, it requires a large number of 

network sensors to accurately detect occupant activities, 

making it costly and unpractical, especially in large open 

offices fitted with more people at once. Papadopoulos et 

al. (2019) demonstrated it is possible to have as high as 

60% in energy savings for a large office when the HVAC 

setpoint ranges between 17.50 °C for heating and 27°C 

for cooling during occupied hours without compromising 

occupant comfort. 

Since there is a lack of empirical studies, whereas related 

evidence is needed for evaluating the benefits of IoT 

deployment in the HVAC and lighting system, the scope 

of this study will be concentrating on some of these 

human-based retrofits – HVAC and light systems 

embedded with IoT sensors. 

Methodology 

Simulation Design 

Simulation tools are appropriate to calibrate and compare 

the performance of different building design options at the 

early design stage. This will minimize information losses, 

reduce cost, and increase speed, time, and analysis 

flexibility. It also provides important data for 

stakeholders, particularly regarding the early concept 

design stage of buildings. 

Different building simulation studies have been 

conducted in the past using a host of applications – Design 

builder, Energy Plus, IES VE, E-Quest, and Green 

building Studio, to name a few. The question does 

sometimes arise as to which is best to use during design. 

Each comes with something unique to offer, and the 

decision on which simulator to use lies with the designer 

and depends on certain parameter(s) of interest and the 

nature of the analysis required. 

The IES VE tool was used for this study because it offers 

a wide range of modeling applications within its virtual 

environment – SunCast and SunPath for Solar Analysis, 

Apache HVAC for thermal comfort, and Radiance and 

FlucsDL for lighting and Sensor settings, among others. 

Life Cycle Analysis (LCA) was used to estimate the 

environmental impacts (the carbon emissions in terms of 

kgCO2) throughout the building life cycle. IES VE 

version 2021 comes with the added feature of the One-

Click life cycle assessment (LCA) tools within its VE Gia 

virtual environment, allowing users to run environmental 

impact and energy performance simultaneously, thereby 

saving time and reducing error. Therefore, IES VE with 

One-Click LCA add-in was used in this study to conduct 

the LCA process. 

IES VE also uses other plugins to design and analyze 

building models. In this work, we created the building 

geometry using the ModelIT, which is the central 3D core 

application for geometry data input shared by all modules. 

The model also includes relevant weather files and 

specified zone thermal conditions. ApacheSys and 

ApacheHVAC were used to define and integrate the 

HVAC system to the model and apply setpoint 

temperatures and system flow rates. Daylight and 

artificial light analysis and sensor activation were 

performed with SunCast and RadianceIES, which would 

serve as the input during the following dynamic 

simulation run. Then the dynamic simulation engine, 

Apache interphase, was used to run all the energy 

analyses, and the results were presented on Vista for 

interpretation. Both models were directly transferred to 
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the VE Gia with links to One-Click LCA for the 

environmental analysis (IESVE, 2021). 

IES VE also uses various inbuilt applications to design 

and analyze building models. For example, ModelIT is the 

central 3D core application for geometry data shared by 

all modules. ApacheSys and ApacheHVAC are used to 

define what HVAC system is used and apply setpoint 

temperature and flow rates within the system. 

RadianceIES is used for daylight and artificial light 

simulation, and VE Gia links to One-Click LCA. VistaPro 

provides quick access to results with the flexibility to 

compare design variables on the same page for easy 

analyses from one or more simulations (IESVE, 2021). 

This study modeled a 5-story commercial office building 

with an underground tunnel and a bridge that connects it 

to the adjacent section, housing the server rooms and more 

offices, situated at Newcastle, North-eastern part of 

England. It is located at longitude 1.690W and latitude 

55.040N, and 81m above sea level. The design was 

created using the 2013-2016 amended version of the 

Building Regulations 2010 Part L1A document, focusing 

on the cold-humid climate of the location in mind. The 

building design details are presented in Figure 1, Figure 2 

and Table 1. 

The building comprises offices, meeting rooms, a 
restaurant, a café, and ICT system rooms. We will be 

simulating two basic models – a conventional and a smart 

building model; however, the smart building will be 

further broken down into smart HVAC change (i.e., 

HVAC with independent sensors control system) and 

smart light sensing (i.e., sensor-controlled artificial light 

bulbs). The annual percentile for the heating load was 

(99%), while the monthly cooling load percentile was 

(10%), giving an outdoor winter design heating 

temperature of (-2.700C) and maximum cooling load of 

(19.900C db. and 15.800C wb.) because the model was a 

thermally heavy classed model. 

 

 
Figure 1: Back view of the investigated building model 

Figure 2: Front view of the investigated building model 

 

Table 1: General building parameters 

Building parameter Details 

Building area 4303.14 m2 

External wall thermal transmittance 0.2599 W/m2K 

Window-wall-ratio 36% 

External window thermal transmittance 1.6 W/m2K 

Infiltration rate 0.25 ac/h 

Orientation 210 degrees 

Building height 14.8 m 

Service life 30 years 

Roof thermal transmittance 0.18 W/m2K 

 

In line with the literature review above, we carried out two 

distinct changes and analyzed their effects with the 2020 

(present data) and 2050 (future data) weather files 

obtained from the University of Northumbria database for 

Newcastle. Both weather files have been integrated into 

the IES VE tool for easy access and application during the 

simulation runs. The isolated changes were independently 

applied to the conventional model to determine the effect, 

from which comparison will be drawn for present and 

predicted future weather data. For this simulation, we 

have chosen the 16th – 20th July as the typical summer 

week and the 22nd – 26th January as the typical winter 

week for further analysis. Also, 1st January – 31st 

December is the annual duration. Table 2 shows the 

design parameters for the investigated systems, which are 

simulated in IES VE simulation software.  

 
Table 2: Design parameters for the investigated systems in the 

smart building model 

Design Parameters Investigated 

Boiler loads 
Apache System – 

ApacheHVAC with Sensors 

Chiller Loads 
Apache System – 

ApacheHVAC with Sensors 

Light Gains 
Non-Dimming – Dimming with 

Sensors 

Total System Energy HVAC and Light systems. 

CO2 Emissions 
Embodied and Operational 

Emissions. 
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Scenarios development 

For the energy phase of this analysis, we have developed 

four scenarios: Conventional Building, Daylight 

Harvesting Model, Apache HVAC Model, and the Smart 

Building. The energy analysis covers the boiler, chillers, 

and light energy from the artificial bulb present in the 

model. 

• The Conventional Building system controls are 

set to ON or OFF only all day, all year and 

following occupants’ daily profiles. The heating 

and cooling supplied to the building are not by 

passive method but an active Apache System 

with timed switches. The systems are single or 

multi-split, fan coil, and single room cooling 

systems. The lighting gains for this case were 

non-existing as the artificial lights were set to be 

ON continuous throughout the working hours 

and go OFF at the end of the day following the 

weekly profile adopted without any dimming 

effect, keeping the light energy consumed the 

same all through the year. A similar approach 

applies to the HVAC systems and other forms of 

internal gains - people and equipment, as no 

difference occurred due to no change in the 

profile. As a result, the internal environment of 

the model was only affected by the building 

envelope and the applied weather data. 

• Apart from the HVAC system in buildings, 

another area with huge potential for energy 

savings is the lighting system on the radiance 

application. We applied the open-loop system 

with the IoT light sensors placed at the roof level 

pointing downwards to control the dimming 

effect of the artificial light bulbs within set 

boundaries throughout the day depending on the 

occupancy movement and natural daylight 

illuminance level within the space per time. The 

results obtained were compared against the 

conventional building without these sensors 

activated to analyze their energy savings for 

present-day and predicted future weather files. 

• Apache HVAC systems with independent 

sensors were integrated into the conventional 

building model, replacing the initial Apache 

system sensing and controlling dry resultant 

temperature and flow rates into spaces. The 

Apache HVAC model created consists of the 

same three different systems as the Apache 

system used for the Conventional building, with 

independent sensors replacing the timed 

switches. Sensors monitor and control set 

temperatures and relative humidity within the 

zones to which they have been assigned. 

• A smart building is a model integrated with the 

Apache HVAC system and artificial light 

sensors working in sync to improve energy 

savings by sensing and controlling the internal 

environment within a space. These systems have 

been set up with their respective profiles and 

boundaries to keep the internal condition of a 

room within defined ranges and not compromise 

on occupant thermal comfort and vision. 

After calculating the energy savings, both models were 

transferred to the One-click-LCA via the VE Gia tool. The 

LCA analysis was run for the building using 30 years 

(2020-2050) life horizon from cradle to grave. The benefit 

of using the One-click-LCA is that it recognizes the model 

materials, makes all the necessary adjustments and 

assumptions, and pulls the data from its global resources 

to calculate the carbon emission levels for each model 

with the result presented in a .csv file. 

Findings 

Total system energy result - Conventional Building 

The total energy use intensity (EUI), i.e., the ratio of total 

energy to building floor area, increased by 3% from 131.2 

KWh/m2/yr to about 135.2 kWh/m2/yr for the 2020 and 

2050 weather data, respectively. For both weather files, 

July was the dominant month with figures surpassing 60 

MWh, while February had the minimum consumption all 

year, as shown in Figure 3. 

For most periods of the year, the total system’s energy 

consumed for the future weather data (2050 data) was 

more, except for January, February, and December, for 

which the present weather data (2020) was dominant. 

Furthermore, the total system energy during the summer 

months (May – Sept.) was, on average, 26% more than the 

winter months (Nov. – Mar.) by 2020 and 30% more by 

2050. 

 
Figure 3: Monthly total systems energy consumption of 

Conventional Building (MWh) (For interpretation of the 

references to color in all colored figure captions, the reader is 

referred to the web version of this paper.) 

 

Total system energy result - Daylight Harvesting 

Model 

The impact of daylight harvesting on the total system 

energy compared to the conventional system is presented 

in Figure 4. In this case, the energy savings were minimal 

at about 3% per annum. Again, energy savings for the 
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summer months exceeded that of winter, but the winter 

period provided some remarkable results with 78% and 

73% in ratio to the summer figures even with the 

shortened daylight hours during this period. July showed 

the biggest savings of 3.3 MWh and 3.2 MWh when 

results were compared with the conventional model for 

both weather files. 

 
Figure 4: Monthly Total System Energy Daylight Harvesting 

Model vs. Conventional Model (MWh) 

 

Total system energy result - ApacheHVAC Model  

The total annual system energy of smart building, 

compared to the conventional building shown in Figure 5, 

decreased by over 55% in both weather files. Similar to 

our Conventional Building model, July was the month 

with maximum energy consumption at over 28 MWh and 

30 MWh respectively for future and present data. The 

average annual system consumption was more than 

double between both models, with the conventional 

model standing at above 47% for both weather files. 

Finally, when considering the HVAC model alone, the 

mean system energy demand during summer was 1.68 

MWh more than the present data, and 0.52 MWh less in 

the winter months. This indicates dominant future 

summers where temperatures are expected to rise due to 

anthropogenic activities. 

 

 
Figure 5: Monthly Total Energy Conventional Building vs. 

ApacheHVAC Model (MWh) 

 

Total system energy result – Smart Building 

Annual system energy saving improved by 56.8% and 

57.2% for both weather files, respectively, amounting to 

over 300 MWh in savings in favor of the smart building, 

as shown in Figure 6. Monthly, the smart building’s 

energy savings also improved by at least 58% compared 

to its corresponding pair in the conventional building. The 

maximum monthly energy consumed stood at 28.3 MWh 

and 26.5 MWh in July for both weather files. Of the yearly 

total, summer alone accounted for more than half of the 

smart building’s energy for the future weather data, while 

it stood at 47.9% for the present weather data. 

 

 
Figure 6: Monthly Total System Energy, Smart vs. 

Conventional Building (MWh) 
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Carbon emission – Smart vs. Conventional Building 

The CO2 emissions of the smart and conventional 

buildings were assessed with One-click-LCA from cradle 

to grave. The external impacts include benefits and loads 

beyond system boundaries. These are energy recovered by 

recycling materials and reusable products; hence their 

values were subtracted from the total CO2 emissions. The 

total CO2 emission for the smart building by the end of 30 

years lifetime (1.83 t CO2 e / m2) is 37.1% lower than that 

of the conventional building (2.91 t CO2 e / m2), which is 

similar to the results provided by Su et al. (2020).  

The embodied carbon emissions are 33.12 kg CO2/m2/yr 

for the smart building and 30.91 kg CO2/m2/yr for the 

conventional building. Based on CO2 classification, the 

embodied carbon emissions of both models are presented 

in Table.3. Electricity consumption contributes to the 

highest portion of the total embodied emissions, which are 

93.3% and 95.3% for the smart and conventional 

buildings, respectively. The internal walls and non-

bearing structures contribute to the least emission (less 

than 0.1%) for both designs. The electricity consumed in 

this stage is sometimes referred to as the embodied 

energy, i.e., the electricity consumed in material 

extraction, manufacture, transportation, and all other 

processes in the supply chain during the construction and 
end of life phases of both buildings (Su et al., 2020). 

 

Table 3 Embodied Carbon emission between smart and 

conventional buildings.  

Category CO2e 

emissions - 

ton (Smart 
Building) 

CO2e emissions 

- ton 

(Conventional 
Building) 

Electricity use 7377.8 11949.4 

Floor slabs, 

ceilings, roofing 

decks, beams, 
and roof 

187.7 187.7 

External walls 

and facade 

159.2 178.6 

Fuel use 117.9 159.2 

Windows and 

doors 

58.6 58.6 

Internal walls 

and non-bearing 

structures 

8.1 8.1 

 

The operational emissions for both designs were 

measured by the carbon emissions generated from the fuel 

consumption, including heating, cooling, lighting and 

appliances. As shown in Figure 7, the life cycle 

operational emission of the smart building is 28.15 

kgCO2/m2/yr, which is over 65% less than the 

conventional buildings. The peak emission for the 

conventional building during the summer months reaches 

41.9 kgCO2/h, which is over two times higher than the 

emissions from the smart building. 

 

 
Figure 7. Annual Operational Emission – Smart vs. 

Conventional building. 

 

Discussion 

Energy savings and carbon emissions from buildings are 

two key aspects that recent research has focused on 

addressing issues of global warming associated with the 

built environment. The impact of IoT technologies, e.g., 

sensor-based systems, on energy savings is well 

documented and presented in the literature review section. 

We have demonstrated the potential of these systems in 

improving the energy savings in smart buildings by 

enhanced automation in the prediction, monitoring, and 

sensing of occupant behaviors and other factors, and 

activating systems controls to maintain thermal comfort 

of occupants within set limits. The EUI for the smart 

model was 135.4kwh/m2, which is about 38% lower than 

a conventional building at 219.3kwh/m2. This result 

follows the trend observed by Ali Al-janabia et al. (2019) 

for buildings of similar size. Annual heating system 

energy savings for the smart design stood at over 35% (8 

MWh) and over 85% (300 MWh) for cooling system 

demands which agrees with the works of Papadopoulos et 

al. (2019), who carried out similar studies on building 

energy at different locations. 

Energy savings from cooling demand more than doubled 

those from heating and can be attributed to several 

reasons. First, the effect of weather on temperature rise 

and shortened winter months in the future makes cooling 

demand a dominant parameter for the smart designs and 

should be factored into future design decisions. Climatic 

conditions also control cloud cover within the external 

environment. Secondly, both models were not created to 

use the passive cooling method (i.e., Natural ventilation) 

but the active method (Apache HVAC). Internal gains 

from people, equipment, and lights were very active, 

contributing to the increased demand for cooling in the 

summer months and resulting in the dry temperatures 

exceeding setpoints at peak hours of the day. However, a 
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reverse effect occurred in the winter months as internal 

gains played a role in reducing the boiler energy 

consumption. Building orientation indirectly affects the 

cooling demands, as our designs were south-facing, with 

about 5% more glazing in the north than the south zones. 

The excessive heat gains from the solar position further 

add to the internal gains, which, in turn, can also 

contribute to the cooling energy demand of both models 

and even may result in overheating. The effect of local 

shading was not considered as this is not within the scope 

of this work, but we believe it will be of significant effect 

in swinging the energy demands depending on the 

location and height of the shading object. The same goes 

for building insulation. The results of dimming control by 

the sensors from both designs kept the minimum 

illuminance level within the spaces above 500lux. 

IoT devices’ environmental impact was also investigated 

to better understand certain issues raised earlier – 

particularly the carbon emission from smart buildings. 

The embodied emissions from the models showed a slight 

increase in the smart building (2.21 kgCO2/m2/yr), 

although the bulk materials were the same in both models; 

however, we believe this result is justifiable in reality. 

Given that IoT devices are incorporated into the building 

envelope, it increases the amount of embodied carbon 
emissions of the building. Considering the mining and 

extraction, transportation, and all the other processes on 

the supply chain plus e-waste generated at the end-of-life 

of these components are accounted for as discussed in the 

literature study. At 33.12 kgCO2/m2/yr, the embodied 

carbon emissions in the smart building are 7% more than 

that recorded for conventional buildings. At the same 

time, the operational carbon emission from the smart 

building is 57% less than the value of the conventional 

building. The ratio of embodied to operational carbon 

emission from both designs stood at 32:68 for 

conventional buildings and 46:54 for the smart building, 

which falls within the acceptable range for UK buildings.  

In the studied models, energy was the major determinant 

in both embodied and operational carbon emissions. The 

CO2 emission level of the smart building was less 

compared to the conventional model, probably because of 

the sensor controls present to regulate the operations of 

the boiler, chillers, and consumption of the artificial lights 

while keeping the internal environment comfortable. To 

reduce the emissions of not just CO2 but all greenhouse 

gases (GHG) within the built environment, the UK must 

continue to push for green energy generation and 

utilization. One of the goals of the 2021 United Nations 

climate change conference (COP26) that took place in 

Glasgow is to “Secure global net-zero by mid-century and 

keep global temperature rise of 1.5 degrees within reach” 

(COP26, 2021). This will only become a reality through 

sincerity of purpose and people-focused business models 

integrated into energy generation, transmission, and 

utilization. For example, sources of fuel used in 

generating these energies are a major concern, especially 

in the Newcastle area, where heating during winter is 

predominantly by gas boilers. Building professionals, 

homeowners, and tenants should embrace the support 

from the UK government that advocates replacing boilers 

with heat pumps and thermal photovoltaics in residential 

and commercial buildings for space heating and daily hot 

water supply to help reduce emission rates at home, 

offices, and even at the grid.  

Conclusions and future work 

Several technologies and digital devices have been 

deployed in both real and simulated environments to try 

and achieve the net-zero target of the UK government by 

2050. Systems of interconnected digital devices, objects, 

machines, and people (e.g., users, facility managers) with 

the ability to transfer and share data over a network, 

broadly defined as the Internet of Things (IoT), are used 

in buildings to reduce energy consumption and improve 

the thermal comfort of an occupant by real-time 

monitoring and employing different management 

strategies. To better understand the environmental impact 

of these IoT technologies – particularly the use of sensors 

in buildings, we set out to investigate if the energy savings 

balances the carbon emissions on IES VE for a 

commercial office building in Newcastle, UK. 

The EUI of the smart building was reduced by over 38% 

compared to the conventional building with the 

deployment of smart HVAC and light sensors used in 

controlling dry bulb temperatures and daylight within a 

space according to defined occupant profiles. The annual 

cooling demands were also reduced by over 300MWh 

representing 85% savings during the summer months as 

the independent sensors on the smart HVAC sensed and 

controlled both flow rates and dry bulb temperatures to 

keep occupants cool and comfy all summer within limits. 

A similar result was recorded during the winter months 

with 35% energy savings.  

The artificial light sensors in the smart building showed 

great potential savings by controlling dimming proportion 

with increased or decrease external illuminance. At 

maximum, it reached 72% (1.3KW) energy-saving daily 

during the early spring and kept the level of internal 

illuminance above 500 lux, which is the minimum 

requirement for commercial offices. 

The positive ripple effect of these IoT sensor actions is 

visible in the operational emissions for the smart building 

as boilers, chillers and light bulbs are being regulated, 

indirectly controlling the level of fuel and electricity 

consumed in the process in line with the occupant profile. 

Operational emissions from the smart building are 57.8% 

less than that of the conventional building at 66.24 

kgCO2/m2/yr. 

However, a negative result was recorded for the embodied 

carbon emission from the smart building at 33.12 

kgCO2/m2/yr, representing 7% more than the embodied 

emission level for conventional buildings. It was 

attributed to the increased material, energy used in 

manufacturing, end-of-life e-waste and transportation 

from the addition of sensor components and other devices 

to help them work efficiently in the smart building. 

Therefore, the result suggests the energy savings from 

embedded IoT sensors do, in fact, balance and outperform 
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their emission levels, but caution must be in place. While 

embedded IoT sensors reduce energy utilization and 

improve performance and comfort inside smart buildings, 

their embodied emission contribution margin should be 

considered. If advances in technology increase the level 

of smartness of buildings, then the embodied emissions 

will become a concern for the future. Simulation results 

sometimes do not transcend to reality. Future research 

will include real-time monitoring, measurement, and 

analyses of the energy savings in smart buildings against 

the measured emission level from the building with IoT 

sensors. Also, it will include the shading control system 

and use of motion detection sensors, as these were part of 

the limitations of this study. 
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Abstract 

Energy audits play a crucial role in energy retrofit projects 
for existing buildings, as the accuracy and completeness 
of the collected data strongly affect the reliability of the 
design energy model. The present paper thus proposes a 
new BIM (Building Information Modelling)-based 
workflow to better manage data collection in an energy 
audit process, to minimize data losses and inconsistencies. 
The proposed framework is based on the use of a 
simplified BIM Model, linked to an external database (for 
data storing) and to a webpage (for in-situ data 
acquisition). This can be used as a geometrical and non-
geometrical data container to implement a reliable model 
for energy simulations. The efficacy of the presented 
BIM-workflow has been successfully validated through a 
survey on window fixtures for a real case study. 

Introduction 
The recent interest in energy retrofit of existing buildings 
is certainly related to the compelling need for reducing 
energy consumption in the built environment. In this 
perspective, the Italian Government is promoting, and 
financing energy retrofit interventions for residential 
existing buildings via the “Relaunch Decree”, which 
increases the tax deduction rate to 110% expenses for 
specific interventions in the field of energy efficiency, 
seismic risk and renewable energy integration 
((Legislative Decree 34, Dated 19 May 2020, 2020) and 
subsequent amendments). Deductions from the gross tax 
are granted provided that retrofit interventions produce an 
improvement in energy performance of at least two 
classes. In this context, the implementation of the BIM 
methodology in the field of energy retrofit of the built 
environment is attracting increasing attention lately. The 
most recent researches on BIM for existing buildings were 
focused on survey processes, not only aimed at acquiring 
geometrical data, but more generally aimed at collecting 
information about the state-of-the-art condition of 
existing buildings (Ciribini et al., 2015). For instance, Di 
Giuda et al. in 2018 (Di Giuda et al., 2018) proposed the 
use of the BIM-methodology to make energy audit 
procedures more efficient. More specifically, Di Giuda et 
al. realized a highly detailed Building Information Model 
of an existing historical building (the so-called Mandolesi 
pavilion in Cagliari, Italy). The latter was tested as a 
“Digital Twin” by storing thermal properties (acquired 
through instrumental measurements and calculations) of 
technical elements to manage future maintenance and 
retrofit interventions more easily and accurately. Desogus 
et al. also proposed the use of an “as-built” BIM model of 

the “Mandolesi pavilion” to store useful information and 
to continuously monitor structural and energy 
performance of the building for predicting the best future 
interventions scenarios (Desogus et al., 2018). More 
recently, Desogus et al. in (Desogus et al., 2021) proposed 
an integrated use of low-cost IoT sensors with a BIM 
Revit model of the aforementioned “Mandolesi pavilion”, 
to monitor indoor conditions and energy consumption of 
the building in real-time. Similarly, Sanna et al. (Sanna et 
al., 2019) proposed a BIM-based workflow to optimally 
manage all necessary data for the assessment of comfort 
or discomfort conditions during the energy audit process 
of the “Mandolesi pavilion”, (still adopted as case study). 
Tagliabue et al. proposed a “BIM (Building Information 
Model) to BEM (Building Energy Model)” workflow to 
optimize the Facility Management of existing buildings 
and implement energy retrofit strategies based on 
performance analysis by means of dynamic simulations 
carried out through BEM (Tagliabue et al., 2018). 
Sanhudo et al. in (Sanhudo et al., 2018) also dealt with a 
BIM-based approach for building energy retrofit, by 
focusing on optimizing the decision-making process to 
enable an easy identification of the best solutions in 
energy retrofitting projects. It can be stated that most of 
papers dealing with the implementation of the BIM 
methodology in such projects, have mainly shown the use 
of “as-built” BIM models to collect and optimally manage 
information about both real and simulated energy 
performance of existing buildings, chosen as cases study, 
during their life cycle. Conversely, the research herein 
treated, proposes the use of a simplified BIM model to 
collect early data from energy audits within a BIM to 
BEM process.  The integration between BIM and BEM 
methodologies has been widely investigated in the recent 
literature. However, it emerged that full interoperability 
between BIM and BEM is still far from being achieved 
due to unsolved issues in data exchange. Spiridigliozzi et 
al. proposed a BIM to BEM workflow where data 
exchange was accomplished through non-proprietary IFC 
(Industry Foundation Classes) file format (Spiridigliozzi 
et al., 2019). Nevertheless, their study confirmed that the 
flow of information from BIM to BEM was not automatic 
as some IFC data could not be automatically read by the 
energy simulation software. Fernald et al. (Fernald et al., 
2018) attempted several BIM to BEM strategies, based on 
the gbXML (Green Building XML) file format for data 
exchange, running into several interoperability issues 
(e.g. geometrical inconsistencies to fix) despite the 
preliminary BIM model simplifications. O’Donnell et al. 
(O’Donnell et al., 2020) investigated interoperability 
issues occurring in BIM to BEPS (Building Energy 
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Performance Simulation) transfer processes, by assessing 
several different strategies adopting both, IFC and 
gbXML file formats for data exchange. They found that 
different transfer routes lead to very different results, due 
to the lack of standardised processes of data transfer from 
BIM to BEPS, concluding that improved data transfer 
workflows and tools are needed. Therefore, having 
acknowledged the complexity of BIM to BEM processes, 
as well as some unsolvable interoperability issues, the 
research herein presented only focuses on optimizing data 
transfer and management in the earliest stages of a BIM 
to BEM process. More specifically, this study simply 
proposes a new BIM-based workflow to digitalize and 
make more efficient the preliminary survey process (i.e., 
the preliminary energy audit procedure) to obtain more 
reliable models for energy analysis in designing energy 
retrofit interventions for existing buildings. At this 
purpose, the presented framework introduces the use of a 
dedicated webpage containing energy audit checklist 
tables, with in-situ fillable fields, properly linked to an 
external MySQL Database, as well as to the already-
mentioned simplified BIM model. The efficacy of the 
proposed BIM-based workflow was successfully 
validated by surveying window fixtures in a floor type of 
an existing building in Cagliari (Italy) that will be subject 
to energy retrofit interventions, financed by the Italian 
Government ((Legislative Decree 34, Dated 19 May 
2020, 2020) and subsequent amendments). The content of 
this paper aims at highlighting the main advantages of 
adopting, in the earliest stages of a BIM to BEM process, 
a highly simplified BIM model, linked to an external 
database and to a web page, to provide a data container 
and a digital support for in-situ data acquisition (i.e. the 
energy audit), in terms of saving time, minimizing 
inconsistencies and data losses. The rest of the paper is 
structured as follows: the next section briefly illustrates a 
traditional approach for energy audits; a new proposed 
BIM-based workflow for energy audit will be described 
in “Methods and tools” section; a successful application 
of the method on a real case study is presented in 
“Validation of the BIM-based workflow for Building 
Energy Audits”; concluding remarks about the achieved 
results are reported in the last section. 

Traditional energy audit workflow and data 
asset 
The presented study, started from a comprehensive 
analysis of a traditional non-digital energy audit workflow 
to detect its most critical issues. A survey for energy 
retrofit interventions has got the purpose of collecting 
qualitative and quantitative information about the 
building peculiarities that mostly affect its energy 
performance, such as architectural and constructional 
characteristics impacting on thermal properties of the 
building envelope, the installed HVAC and DHW 
(Heating Ventilation, Air Conditioning and Domestic Hot 
Water) systems, as well as the building usage (UNI CEI 
EN 16247-1:2012. Energy Audits - Part 1: General 
Requirements, 2012; UNI CEI EN 16247-2:2014. Energy 
Audits - Part 2: Buildings, 2014). 

To be more precise, as energy audits aim at estimating 
energy saving potential of a building to identify the most 
suitable retrofit solutions, the following information 
categories are worth collecting (Clement, 2012): 
 Dimensional characteristics of internal spaces 
 Characteristics of the building opaque and 

transparent envelope 
 Characteristics of the building transparent envelope  
 Technical features of HVACW systems 
 Information about the building usage (e.g. the 

building occupancy level, data about energy and fluid 
bills). 

In this regard, Dall’O’ provided a comprehensive guide to 
green energy audits including several checklists samples 
(Dall’O’, 2013). It is a common practice in designing 
energy retrofit interventions for existing residential 
buildings, to first acquire some general and constructional 
information about the building (e.g. about its geometry, 
walls and windows location, construction systems) by 
technical drawings and reports from archives. The crucial 
next stage of in-situ data acquisition aims, on the one 
hand, at verifying the accuracy of the collected data from 
archives and, on the other hand, at gathering relevant data 
for energy analysis (i.e., energy audit). However, it should 
be noted that the data acquisition on site is commonly 
accomplished simply by manual annotations and hand 
sketches on paper checklists and printed drawings.  
The traditional survey workflow described above is 
characterized by the following main drawbacks: 
 Paper checklists are not easy to be filled out on site. 
 Paper checklists do not provide any kind of alert for 

incomplete and/or incorrect data. 
 Hand sketches and annotations are not often easy to 

read and understand by anyone 
 Data storage and cataloguing after archives and in-

situ data acquisition is often manually accomplished. 
More generally, common survey approaches for buildings 
energy retrofit can lead to a high level of interpretability 
and inaccuracy of the collected data, as well as to a high 
risk of data losses during the whole process. 

Methods and tools 

BIM-based workflow for a digital Energy Audit 

A new workflow for energy audit has been developed, 
starting from the need to overcome the main drawbacks 
of traditional survey approaches, around the idea that a 
simplified BIM model, linked to an external database and 
to a web page (for in-situ data collection), could provide 
an effective digital support. The proposed method aims at 
more properly storing and better managing geometrical 
and non-geometrical input data to implement more 
reliable energy simulation models of existing buildings to 
retrofit. The new proposed BIM-based workflow for a 
digitalized energy audit procedure is briefly illustrated in 
Figure 1 and it can be summarized by the following steps: 
 STEP 0 (Digital infrastructure creation): the 

proposed framework requires a preliminary stage (the 
current STEP 0) to create a digital infrastructure to 
make it work, which do not need to be reiterated for 
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each specific project. The following sub-steps are 
necessary: 

o SUB-STEP 0.1 (Data Set Management): as shown 
in Figure 1, the whole data asset concerning energy 
retrofit of existing residential buildings should be 
properly arranged by identifying and classifying all 
geometrical, architectural, and thermal features that 
mostly impact on the energy performance of 
buildings envelope. The identified datasets should 
be organized in tables, useful to manage data and 
develop effective checklists for energy audits. Once 
datasets are arranged, parameters and related 
attributes must be clearly codified to uniquely 
characterize them. 

o SUB-STEP 0.2 (Creation of Dynamo-Slingshot! 
codes for data exchange): Two visual 
programming codes for bidirectional data exchange 
between BIM models and their related databases 
need to be created, through the software Dynamo 
(Https://Dynamobim.Org/, n.d.), integrated with the 
“Slingshot!” library 
(Https://Dynamobim.Org/Slingshot-for-Dynamo/, 
n.d.) for connecting to MySQL Databases. 

o SUB-STEP 0.3 (BIM library creation): It is 
suggested by the authors to create a specific BIM-
Library of customized parametric walls and floors 
compound structures, as well as standard windows 
and doors suitable for simplified BIM models. For 
this purpose, specific “Groups” of “Shared 
Parameters” must also be created to store 
information (as “item” and “type” parameters for 
BIM entities) related to buildings energy efficiency.  

o SUB-STEP 0.4 (Web page implementation): A 
HTML (Hyper Text Markup Language) responsive 
web page, containing energy audit fillable checklists 
need to be implemented. 

 STEP 1 (Project Database Creation): according 
with the herein proposed workflow, an empty 
MySQL Database (DB) must be created to effectively 
store (at a later stage) all data concerning each 
specific energy retrofit project. MySQL is an 
opensource Relational Database Management 
System (RDBMS) where SQL (Structured Query 
Language) is used to access, update and handle data 
in the project Database. 

 STEP 2 (Data acquisition from archives): 
analogously to traditional survey workflows, general 
geometrical and constructional information about the 
considered existing building (e.g. concerning its 
geometry, walls thicknesses and location, windows 
and doors dimensions and location, construction 
systems) need to be acquired from technical drawings 
and reports taken from archives of relevance like real 
estate registries, municipal archives and similar. 

 STEP 3 (BIM authoring):  as previously disclosed, 
it has been supposed that a simplified BIM model 
could be effectively used as a container of energy-
related, geometrical and non-geometrical, data 
acquired from both, archives and in-situ surveys. For 
this purpose, at this stage, a BIM model of the 

specific building to retrofit, with a LOD (Level Of 
Development) not higher than 200, is assumed to be 
accomplished by the software Autodesk Revit, as it 
easily allows to be bidirectionally linked to an 
external Database. The simplified BIM model must 
preliminarily contain walls, floors, windows, doors 
and rooms items with generic and approximate shape, 
dimensions, location, and orientation, derived from 
archives technical drawings. 

 
Figure 1: BIM-based workflow for a digitalized Energy Audit 
procedure 

 STEP 4 (Data transfer from BIM model to DB): 
The Revit BIM model is assumed to be then linked to 
an external MySQL Database (DB) to transfer and 
store in it some selected data of the building that are 
necessary for the in-situ data acquisition stage (e.g. 
“ID” of elements, “Family” and “Type” names of 
walls, floors and windows entities, the related 
“Level” and “Room” etc.). The chosen data can be 
transferred from the preliminary building informative 
model to the project DB by executing one of the two 
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“Dynamo-Slingshot!” codes, specifically 
implemented at the STEP 0. The proposed 
“Dynamo-Slingshot!” code allows the user to access 
the external DB, create specific tables and partially 
fill them with the selected data deriving from the BIM 
model items. 

 STEP 5 (In-situ data acquisition by web page):  
The process of in-situ data acquisition, has been 
digitalized by introducing the use of a web page with 
fillable checklists for energy audits. Digital checklists 
must contain both read-only (containing the selected 
information, deriving from the simplified BIM model 
and mined from the project DB) and in-situ 
(mandatory and optional) fillable fields. A suggested 
web page framework (see Figure 2) for energy audit 
surveys has been conceived based on the previously 
mentioned information categories that are worth 
collecting to assess buildings energy performance. A 
responsive graphical representation of each floor plan 
of the simplified BIM-model should be also supplied. 
The visualization of the building floor plans, with 
proper entity tags, will allow the user to easily 
identify, during the technical survey, each single 
building element (such as walls, windows, doors, 
rooms etc.) to be detected. 

 STEP 6 (Data transfer from Web Page to DB): the 
proposed workflow, also provides that, once all 
mandatory fields in all checklists have been filled out, 
the HTML code of the web page allows the related 
data to be submitted and automatically sent to the 
project MySQL Database. 

 STEP 7 (Data transfer from DB to BIM model): 
all in-situ acquired data need to be sent from the 

project MySQL DB to the simplified BIM model of 
the considered building. A second “Dynamo-
Slingshot!” visual programming code enables the 
data transfer by systematically assigning the in-situ 
acquired data to each corresponding element 
parameter of the BIM model. 

 STEP 8 (Check for information inconsistencies 
and potential update of BIM and DB data): It is 
worth noting that on site surveys not only aim at 
acquiring relevant data about the existing building to 
retrofit, but also at verifying the accuracy of the 
collected data from archives (i.e., technical drawings 
and report) concerning the building geometry and 
construction systems. For this purpose, if some on-
site acquired data do not match with the model 
geometry (based on initial information deriving from 
archives), the latter and the project DB need to be 
properly updated. However, it is necessary to specify 
that the proposed workflow only enables a potential 
automatic update of limited features of the BIM-
model (e.g., walls and floors thicknesses, windows 
and doors dimensions) whereas more relevant 
inconsistencies between the original BIM-model and 
in-situ detected information, (for instance concerning 
potential missing or redundant internal walls and/or 
window fixtures), need to be manually updated. 

The described workflow attempts to make easier and 
more accurate the early stages of a BIM to BEM 
process, by taking full advantage of advanced BIM-
based and web-based technologies in digitalizing in-situ 
data acquisition (i.e. the energy audit), as well as in 
optimizing data management to obtain more reliable 
energy simulation models. 

Figure 2: Web Page framework 

Validation of the BIM-based workflow for 
Building Energy Audits 

Case study 

An existing block of flats, built in the late 1950s in 
Cagliari (Italy) as a social housing building and then 
mutated into a private apartment block, has been chosen 
as a case study among several energy retrofit projects 
provided by the engineering company DEARIS (partner 
of the Master PIE, mentioned in the acknowledgments). 
The considered building is characterized by a load-
bearing reinforced concrete frame with brick walls 
without any thermal insulation and hollow brick-concrete 
slabs. The apartment building has got six floors, and it is 
composed by 18 housing units, of about 110 m2 each. 

Application of the BIM workflow to the case study 

The energy audit BIM-based workflow described above 
has been successfully validated by testing it on the 
previously described existing apartment building. It will 
be subject to upcoming energy retrofit interventions, 
designed by the engineering company DEARIS, and 
financed by the Italian Government by means of the 
Relaunch Decree ((Legislative Decree 34, Dated 19 May 
2020, 2020) and subsequent amendments). Given the 
complexity of the proposed method, it was decided to start 
focusing on a limited portion of the whole information 
asset involved in a common energy retrofit project, as well 
as on a single floor type of the apartment block. The 
energy-related parameters and information, only 
concerning doors and windows, have been properly 
arranged and grouped (STEP 0.1 - Data Set Management). 
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The most common types of window fixtures that can be 
found in residential existing buildings have been 
identified and classified. Windows fixtures were 
classified based on geometrical and technical features that 
mostly affect their thermal properties (e.g., window 

dimensions, window frame type and material, type and 
number of window sashes, glass(es) number, type(s) and 
thickness(es), shutter box type and size, window air 
tightness). 

 
Figure 3: Type floor plan and axonometric portion of the simplified (LOD200) BIM model

According with the proposed BIM-based workflow, a 
simple codification system for “Family Types” of the 
Revit BIM model has been conceived for easily 
identifying windows and doors based on their type 
(window, French window or door), location (i.e. the 
cadastral subordinate parameter which uniquely identifies 
the corresponding housing unit where the window fixture 
is located) and dimensions (i.e. height and width). The 
following syntax has been used to codify “Windows 
Family Types”: 
2.1_FN_<Cadastral subordinate name>_Locale <Integer 

number> - <Window width [cm]>x<Window height 
[cm]> 

(e.g., the code “2.1_FN_Sub1_Locale1 – 120x130” 
refers to a simple window located in the “Sub1” house 
unit, in the room “Locale1”, 120 cm wide and 130 cm 
high). According with the STEP 0.3 of the proposed 
workflow, generic customized Revit “Loadable Families” 
for parametric window fixtures have been created. 
Moreover, specific “Groups” of “Shared Parameters” 
have been arranged to be properly identified as “Family 
Type Parameters” (see Figure 4) or “Instance Parameters” 

to contain energy-related features of windows and doors. 
As specified in the previous section, Data Set 
Management and Codification, as well as the creation of 
a BIM Library will not be reiterated for every project as 
SUB-STEPS 0.1,0.2, 0.3 and 0.4 aim at implementing an 
overall digital infrastructure to make the whole workflow 
work.  Based on the STEP 1 of the considered framework, 
an empty trial MySQL Database, allowing remote access, 
was created for the specific pilot case study on the 
XAMPP platform. The latter provides a useful 
opensource development environment for web designers, 
also including interpreters for PHP (originally stood for 
“Personal Home Page”, now considered as a recursive 
acronym for “PHP Hypertext Preprocessor”) scripts. 
Analogously to traditional surveys, general geometrical 
and construction information about the existing building 
in Cagliari (Italy), assumed as case study, had to be 
acquired from technical drawings and reports made 
available by the real estate registry of relevance (STEP 2). 
These information (mostly concerning walls, floors and 
windows dimensions, location and orientation) have been 
used as input data for the following digital 
implementation of the simplified BIM model (STEP 3).  
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Figure 4: Customized “shared parameters” for Energy Analysis concerning window

Therefore, a BIM model of a single floor type of the 
building, has been accomplished by means of the 
authoring software Autodesk Revit (see Figure 3). 
According with LOD200 Level Of Development for BIM 
items, walls and floor slabs have been graphically 
represented as generic volumes with approximate 
dimensions, shape, location and orientation. Non-
geometrical information (e.g., walls and floors 
constructional system and materials) attached to the BIM 
model elements, have been also considered as an 
approximation. As shown in Figure 3, also windows, 
French windows and doors have been generically 
represented, as specific information was expected to be 
successively gathered during in-situ survey(s). Moreover, 
it is worth noting, from Figure 3 and Figure 4, that 
graphical colours in the floor type plan uniquely identify 
all “Rooms”, which are also characterized by unique 
alphanumeric tags, based on room numbers and 
apartments (i.e. the cadastral subordinate names). The 
following syntax has been used to codify “Rooms Tags”: 

<Cadastral subordinate name>_Locale <Integer 
number> 

(e.g., the tag Sub6_Locale 5 identifies a room in Figure 
4). A unique “Space” is also associated to each “Room” 
item as “Space” entities in Revit are conceived to easily 
store energy-related data about HVACW systems, as well 
as to evaluate heated volumes for the Building Energy 
Analysis. As disclosed in the previous section, the 
presented BIM-based workflow provides that the 
simplified BIM-model is bidirectionally linked to an 
external MySQL Database, which has been created at 
STEP 1. For this purpose, a Dinamo-Slingshot! 
(Https://Dynamobim.Org/Slingshot-for-Dynamo/, n.d.) 
visual programming code, has been specifically 

implemented  (at SUB-STEP 0.2) to remotely access the 
project Database (STEP 4), create tables in it and partially 
fill them automatically (see the Figure 5) with already 
known data from the BIM model (e.g. the related “ID”, 
numerical “Tag”, “Floor”, “Room name”, “Family and 
Type name” identifying the selected windows of the 
building Revit model). These chosen parameters, deemed 
useful to identify the building entities during the on-site 
survey, have been thus transferred to the web-based 
windows checklist as read-only fields. A responsive web 
page, only concerning a checklist for window fixtures, has 
been then implemented at SUB-STEP 0.4 (on the XAMPP 
environment) by HTML (Hyper Text Markup Language) 
scripts also including PHP (PHP Hypertext Preprocessor) 
scripts, both to take data from, and send data to the project 
Database. The proposed windows web-based checklist 
has been provided with mandatory and optional fillable 
fields, most with drop-down menus, to make easier and 
safer filling them during on site surveys (STEP 5). The 
developed web page has been also equipped with a floor 
plan of the BIM-model, viewable in another tab from the 
web page, to allow the user to easily identify each window 
to be detected on site. Only once all required fields 
(marked with a red asterisk, as shown in Figure 6) have 
been filled in, all data have been submitted and 
automatically sent to the project database (STEP 6). 
Lastly, it has been verified that, by executing a second 
Dynamo-Slingshot! Code from Revit Manage Tab, 
specifically implemented for this stage (SUB-STEP 0.2), 
the windows data, acquired by the web-based form, were 
precisely sent to the BIM-model (STEP 7). The 
effectiveness of the proposed workflow was then 
validated by checking that data deriving from the web-
based form were accurately stored in specific “Type” and 
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“Item Parameters” of the corresponding BIM-model 
entities (as shown in Figure 6). It is finally worth noting 
that it was not necessary to update the original BIM-

model as any inconsistencies between archives and in-situ 
acquired data have been detected (STEP 8). 

 
Figure 5: Portions of the Dynamo-Slingshot! Visual Programming code to transfer data from the Revit Model to the project MySQL 

Database 

 

Figure 6: Web-based windows checklist completed (on the left); stored parameters of a detected window (on the right)

Conclusions and future work 
The study presented in this paper revealed some 
significant critical issues deriving from a traditional 
approach in collecting and managing data in energy 

auditing, within a BIM to BEM process. As traditional 
survey approaches for buildings energy retrofit, (mainly 
based on hand sketches and annotations), can lead to a 
large margin of inaccuracy of the collected data, as well 
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as to a high risk of data losses, a new digitalized BIM-
based workflow for energy audits has been herein 
proposed. The effectiveness of the proposed workflow has 
been validated by applying this method in detecting 
window fixtures of a floor type of the existing apartment 
building assumed as a case study. The trial application of 
this method has brought out the advantages deriving from 
the use of the BIM-methodology in earliest stages of 
energy retrofit design: the digitalization of the energy 
audit process by the implementation of a simplified BIM-
model to store geometrical and non-geometrical data, 
(gathered from archives at one time and from in-situ 
surveys later), made data transfer and management more 
accurate and safer, leading to more reliable energy 
simulation models. The use of the proposed web-based 
tool for in-situ data acquisition, whose gathered 
information are automatically sent to a specific database 
properly linked to the BIM-model, minimizes the risk of 
data losses and inaccuracies. Future research will focus on 
extending the application of the presented BIM-based 
workflow to the whole information asset concerning 
energy retrofit interventions, by arranging and codifying 
the whole involved data set. Furthermore, the web-page 
framework should be fully accomplished by also 
including checklists to collect information about the 
building opaque envelope, the HVACW systems, 
potential thermal bridges and the building use. 

Acknowledgments 
This study was developed during the Master on 
Entrepreneurial Design for Innovation in Construction 
(Master PIE), organized by the Department of 
Environmental, Civil Engineering and Architecture 
(DICAAR) of the University of Cagliari (Cagliari, Italy) 
with the contribution of the Department of Architecture, 
Built Environment and Construction Engineering 
(DABC) of Politecnico Milano 1863 (Milano, Italy) and 
co-financed by the ASPAL (i.e. the Sardinian Institution 
for Active Employment Policies) institution. The case 
study was provided by the engineering company 
DEARIS, partner of Master PIE. 

References 
UNI CEI EN 16247-1:2012. Energy Audits - Part 1: 

General Requirements, Pub. L. No. UNI CEI EN 
16247-1:2012 (2012). 

UNI CEI EN 16247-2:2014. Energy Audits - Part 2: 
Buildings, Pub. L. No. UNI CEI EN 16247-2:2014 
(2014). 

Ciribini, A. L. C., Mastrolembo Ventura, S., & Paneroni, 
M. (2015). BIM methodology as an integrated 
approach to heritage conservation management. 
Building Information Modelling (BIM) in Design, 
Construction and Operations, 149, p.pp.265–276.  

Clement, P. (2012). Building energy retrofitting: from 
energy audit to renovation proposals. The case of an 
office building in France [Master of Science Thesis].  
KTH School of Architecture and the Built 
Environment. 

Dall’O’, G. (2013). Green Energy Audit of Buildings: A 
Guide for a Sustainable Energy Audit of Buildings 
(Springer Nature, Ed.). Springer Nature. 

Desogus, G., di Giuda, G. M., Monni, G., Quaquero, E., 
Sanna, A., Tagliabue, L. C., & Villa, V. (2018). The 
building information modeling for the retrofitting of 
existing buildings. A case study in the University of 
Cagliari. Seismic and Energy Renovation for Sustainable 
Cities (SER4SC), p.pp.141–150. 

Desogus, G., Quaquero, E., Rubiu, G., Gatto, G., & Perra, C. 
(2021). BIM and IoT Sensors Integration: A Framework 
for Consumption and Indoor Conditions Data Monitoring 
of Existing Buildings. Sustainability, 13(4496). 

Di Giuda, G. M., Quaquero, E., Villa, V., Tagliabue, L. C., 
Desogus, G., Sanna, A., & Ciribini, A. L. C. (2018). 
Towards the cognitive building: information modeling for 
the energy audit. TEMA, Technologies Engineering 
Materials Architecture, 4(2), p.pp.13–24.  

Fernald, H., Hong, S., Bucking, S., & O’Brien, W. (2018). 
BIM to BEM translation workflows and their challenges: 
a case study using a detailed BIM model. In: ESim2018 – 
IBPSA Building Simulation 2018. Montréal, Canada. 
Montréal, Canada, IBPSA. 

https://dynamobim.org/. (n.d.). 

https://dynamobim.org/slingshot-for-dynamo/. (n.d.). 

Legislative Decree, 19 May 2020, Pub. L. No. 34 (2020). 

O’Donnell, J. T., van Dessel, M., & Maile, T. (2020). BIM 
to Building Energy Performance Simulation: An 
Evaluation of Current Industry Transfer Processes. In: 
IBPSA Building Simulation 2019. Roma, Italy. Roma, 
Italy, IBPSA.  

Sanhudo, L., Ramos, N. M. M., Poças Martins, J., Almeida, 
R. M. S. F., Barreira, E., Simões, M. L., & Cardoso, V. 
(2018). Building information modeling for energy 
retrofitting – A review. Renewable and Sustainable 
Energy Reviews, 89, p.pp.249–260. 

Sanna, A., Ciribini, A. L. C., di Giuda, G. M., Gatto, G., 
Villa, V., Quaquero, E., Tagliabue, L. C., & Desogus, G. 
(2019). Information modeling for the monitoring of 
existing buildings’ indoor comfort. TEMA: Technologies 
Engineering Materials Architecture, 5(2), p.pp.42–56. 

Spiridigliozzi, G., de Santoli, L., Cornaro, C., Basso, G. lo, 
& Barati, S. (2019). BIM tools interoperability for 
designing energy-efficient buildings. In: AIP Conference 
Proceedings - ATI National Congress, 2191, 020140. 
Modena, Italy. Modena, Italy, AIP 

Tagliabue, L. C., Maltese, S., Cecconi, F. R., Ciribini, A. L. 
C., & de Angelis, E. (2018). BIM-based interoperable 
workflow for energy improvement of school buildings 
over the life cycle. In: International Symposium on 
Automation and Robotics in Construction (ISARC 2018). 
Berlin, Germany. Berlin, Germany, ISARC. 

Page 434 of 605



 

 

2022 European Conference on Computing in Construction 

 

Ixia, Rhodes, Greece 

July 24-26, 2022 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Product and Process 
Modelling  

  

Page 435 of 605



 

2022 European Conference on Computing in Construction 

 

Ixia, Rhodes, Greece 
July 24-26, 2022 

 
QUANTITY SURVEYORS SCORECARD IN THE 4IR: UNRAVELLING THE BIM 

RESPONSIVENESS IN DEVELOPING COUNTRIES 
Samuel Adekunle1, Clinton Aigbavboa1, Obuks Ejohwomu2, Nosakhare Efiannayi3, Beauty John3, and 

Wellington Thwala4 
1cidb Centre of Excellence, University of Johannesburg, Johannesburg, South Africa 

2Department of Mechanical, Aerospace and Civil Engineering (MACE), University of Manchester 
3Quantity surveying department, University of Lagos 

4Department of Civil Engineering, College of Engineering, Science and Technology, University of South 
Africa 

Abstract 

BIM has become the new international 
benchmark for the efficiency of design, 
construction, and maintenance of buildings. 
It is the platform that brings about the 
collaboration between project stakeholders 
and the improvement of project outcomes. 
The aim of this study is to investigate the 
BIM awareness level of Nigerian Quantity 
surveyors. A field survey was conducted 
using a structured questionnaire, self-
administered to quantity surveyors. The 
survey revealed that professionals are 
moderately aware but far from 
implementation. Professional bodies should 
organize rigorous awareness campaigns 
(workshops, seminars, training, etc.). This 
will prepare Nigerian Quantity surveyors for 
a technological revolution in the 
construction industry. 
Keywords: BIM, BIM awareness, BIM 
knowledge, BIM implementation, Quantity 
surveyor 
 
 
 
 
 
 
 
 
 
 
 
 

Introduction  

Building information modeling (BIM) has 
become a front-burner issue for discussion 
in the construction industry. The industry 
has been discussing and also making series 
of adjustments to accommodate the 
disruption associated with the BIM 
innovation. This adjustment has affected and 
will continue to affect the process in the 
construction industry. BIM is poised to 
introduce effectiveness and efficiency to the 
construction process. However, the 
construction process cannot be properly 
managed and coordinated without the 
professionals and other stakeholders in the 
industry. BIM provides a platform for 
collaboration for efficiency during the 
construction process.   
Awareness can be said to be a measure of 
the knowledge or perception of a thing or 
fact. BIM is not a new concept and has 
existed for a long time. Over the years, it has 
increased in popularity and usefulness. Its 
relevance is very much felt and 
acknowledged in the construction industry 
(Newton and Chileshe, 2012). In Nigeria, 
there has been a dearth of studies carried out 
in order to discern the level of awareness of 
BIM among quantity surveyors 
especially(Abubakar et al., 2014; Adekunle 
et al., 2020, 2021; Fadason et al., 2018; Kori 
and Kiviniemi, 2015) focused on the 
industry. Studies have shown that the 
construction industry is always reluctant 
when it comes to adopting of new 

Page 436 of 605



 

2022 European Conference on Computing in Construction 

 

Ixia, Rhodes, Greece 
July 24-26, 2022 

 
technology (Yang, 2007); compared to other 
industries, the construction industry is more 
reserved in the application of new 
technologies. Gambatese and Hallowell, 
(2011) studied the differences in the rate of 
technical innovation throughout the 
construction industry. 
Meanwhile, the model for IT 
implementation process postulated that there 
exist six stages for the implementation of 
new technology. These are namely 
initiation, organizational adoption, 
adaptation, acceptance and adoption, 
routinisation, and infusion (Korpelainen, 
2011). For most firms and professionals, the 
initiation (awareness) stage is where they 
presently belong. Going beyond this stage 
remains a heinous task for them. It can be 
inferred that one cannot adopt what he 
possess limited knowledge of. Only a few 
possess this knowledge in the industry 
presently and a collaborative effort by all 
stakeholders is established as the only 
solution to this problem (Kori and 
Kiviniemi, 2015). This study, therefore, tests 
the knowledge of the Quantity surveying 
professionals majorly in the Nigerian 
Construction Industry.  
 

 

Research method 

This study considered the BIM knowledge 
among Quantity surveyors in the Nigerian 

construction industry. Survey design was 
adopted, and well-structured questionnaires 
were designed to gather responses from 
consultant quantity surveyors in the Lagos 
State area of Nigeria. Lagos state was 
chosen because it has a high number and 
concentration of consulting quantity 
surveying firms. The result is expected to 
representative because seventy-five percent 
(75%) of quantity surveying firms in 
Nigeria are either based in Lagos or have 
branches in the state (Oke et al., 2010). 
Meanwhile, Naoum, (2016) opined that 
questionnaires are the most suitable 
technique for a survey research. 
A total of seventy-three (73) copies of 
questionnaire were distributed, only fifty-
two (52) copies deemed fit for analysis were 
retrieved from the field representing 71.23% 
as shown in table 1 below. The 71% 
response rate is considered adequate for the 
study as a response rate of 20 to 30% is 
established to be adequate for survey 
researches(see (Oke et al., 2018). Level 
awareness of BIM amongst Nigerian 
quantity surveying professionals was 
measured using an eleven (11) item 
construct measured on a Likert- type scale 
on a five-point levels of agreement 
(Strongly disagree to Strongly agree). 
 

Table 1: Responses to Questionnaires 

S/N Questionnaire Number Percentage 

1. Administered 73 100 

2. Received 52 71.23 
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Background Information 

Table 2: Background information of the respondent 
Characteristics Sub-Characteristics Frequency Percentage 

 Principal/ Partner 2 3.8 

Designation  Associate Partner 4 7.7 

 Senior Q.S. 28 53.8 
 Junior Q.S. 11 21.2 

 Trainee Q.S. 7 13.5 

 HND 8 15.4 

Academic Qualification   B.Sc. /B.Tech. 30 57.7 

 M.Sc. 11 21.2 
 Others 13 5.7 

  
MNIQS 

 
30 

57.7 

 FNIQS 2 3.8 

Professional Qualification  MRICS 3 5.8 

 FRICS 1 1.9 

 Others 5 9.6 

 
 

Missing system 11 21.2 

 0-10 years 36 69.2 

Post-graduation industry work  11-20 years 14 26.9 

experience 21-30 years 1 1.9 

 Above 30 years 1 1.9 

 

Table 2 above shows that only two (2) 
which represent 3.8% of the respondents 
were principal managing partners, 7.7% 
which represent four (4) respondents were 
associate partners.  53.8 % which represent 
twenty-eight (28) respondents were senior 
quantity surveyors; 21.2% which represent 
eleven (11) respondents were junior quantity 
surveyors while the remaining 13.5% 
representing seven (7) respondents were 
trainee quantity surveyors. Eight (8) 
respondents which represent 15.4% of the 
sample have HND; thirty (30) respondents 
which represent 57.7% of the sample have 
B.sc/B.Tech; eleven (11) respondents which 
represent 21.2% of the sample have M.sc; 
three (3) respondents which represent 5.7% 
of the sample have other educational 

qualification. The qualifications categorized 
as others were; one (1) OND, one (1) PGD 
and one (1) M.P.M. It can be deduced that 
majority of the respondents of this 
questionnaire are B.sc certificate holder with 
57.7%. Out of the fifty-two (52) 
respondents, only forty-one (41) of them 
which represent 78.8% are either 
professionally qualified or attached to 
professional bodies. Out of the forty-one 
(41), thirty (30) which represent 57.7% were 
MNIQS, two (2) respondents which 
represents 3.8% were FNIQS one (1) 
respondent which represents 1.9% was 
MRICS while the remaining five (5) 
respondents (9.6%) fell under the category 
of others. This implies that a larger 
percentage of the respondents (78.8%) are 
professionally qualified quantity surveyors. 
69.2%; thirty-six (36) respondents have 
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post-graduation working experience of less 
than or equal to 10 years, 26.9% which 
represent fourteen (14) respondents have 
post-graduation working experience 
between 11 – 20 years while 1.9% which 
represent one (1) respondent has working 
experience between 21 – 30 years. 1 
respondent (1.9%) has working experience 
of above 30 years. This shows that bulk of 
the respondents are new in the industry, as 
such are supposed to embrace technological 
innovation that will aid the delivery of the 
services of quantity surveyors. 
 
 
 

Analysis of Data 

BIM knowledge amongst Nigerian 
Quantity Surveyors 
 
Respondents were requested to indicate their 
level of agreement with the statements on 

BIM knowledge among Nigerian quantity 
surveyors with eleven (11) constructs by 
ticking from: strongly disagree (assigned 1), 
disagree (assigned 2), neutral (assigned 3), 
agree (assigned 4) and strongly agree 
(assigned 5). The result, presented in table 3 
below, was analyzed using the mean item 
score. From the result, it is evident that the 
awareness of BIM among Nigerian quantity 
surveyors is fairly okay. The top ranked on 
the list is “I am aware of some BIM 
software packages” with mean value of 3.73. 
Seven of the eleven ranked factors have 
mean of above 3.00 with the remaining four 
factors ranking below 3.0. This means that 
the knowledge of the available BIM 
software packages among the respondents is 
the highest ranked variable while “I am 
currently using BIM on my projects” is the 
lowest which indicates the lack of adoption 
among the professionals. 
 

Table 3: Awareness of BIM among Nigerian Quantity Surveyors 

STATEMENT    MIS       Rank 

I am aware of some BIM software packages   
 

3.73 1 

I am fully aware of BIM for some years’ now 
 

3.63 2 

I got to know about BIM through personal reading 3.52 3 

BIM also involves some hardware facilities 3.35 4 

I know about the levels to which BIM operates 3.33 5 

I became aware of BIM through my professional body  
 

3.15 6 

I know about standards/publications for BIM required for interoperability 3.02 7 

I have attended seminars/workshop  on BIM 2.92 8 

My firm has worked with design consultants that used BIM 2.90 9 

I am just coming to terms with BIM  
 

2.63 10 

I am currently using BIM on my projects 
 

2.58 11 
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Discussion of Findings 

The results presented in table 3 above 
contradicts the findings of Abubakar et al., 
(2014) which revealed that lack of 
awareness of BIM technologies among 
professionals and lack of well-informed and 
experienced partners were the leading 
process barriers to BIM technologies 
adoption in the Nigerian construction 
industry. 
These outcomes shows that the low 
implementation of BIM in the Nigerian 
construction industry is not due to awareness 
as construction professionals, especially 
quantity surveyors, are becoming more 
aware of the capabilities of the package. 
Therefore, the slow pace of adoption of BIM 
could be traced to other reasons such as cost 
of implementation (Eadie et al., 2013) 
incompatibility with industry’s Standard 
Methods of Measurement (Stanley and 
Thurnell, 2014) among other reasons. Result 
also shows the deficiency in the educational 
system; BIM is yet to be integrated into the 
curriculum. Most awareness has been gotten 
through personal efforts of respondents.  
 
 
Conclusion  
This study considered the BIM knowledge 
among Quantity surveyors in the Nigerian 
construction industry. Survey design was 
adopted, and well-structured questionnaires 
were designed to gather responses from 
consultant quantity surveyors in the Lagos 
State area of Nigeria. Based on the results, 
BIM awareness exists through personal 
efforts of quantity surveyors. The school and 
professional bodies are not making efforts to 
make their members aware of BIM. It is 
however unexpected that BIM has not been 
used by any of the respondents on their 
project; this is because the awareness level 

is encouraging. This also establishes the fact 
that BIM awareness does not translate 
automatically to adoption. Thus, awareness 
cannot be said to the cause of non-adoption 
of BIM but other cause that ranges from 
government regulation like the UK model, 
cost, clients’ request, and failure of 
professionals to collaborate among others. 
This is a good area for further study. 
The study therefore recommends that the 
educational system of the Nigerian tertiary 
institutions should incorporate BIM in the 
curriculum. This will enable the early 
exposure of students to BIM. Also, the 
professional body should organize workshop 
and seminars for members and incorporate it 
into their CPD. It is evident that other 
professionals too are not putting forward 
BIM on projects, clients are therefore 
enjoined to request for BIM adoption on 
their projects; this is to enable them get 
value for their investment. 
It is strongly believed that the findings of 
this study will help the quantity surveyors, 
the professional body, and clients on 
ascertaining the problems with BIM 
adoption among the quantity surveyors.  
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Abstract 
Natural Language Processing (NLP) is widely used to 
solve several tasks in different construction fields. 
However, there are no applications related to the pre-
design phase. Analysing the Italian public design call for 
tender procedure, possible information criticalities can be 
identified. The study proposes a formalization, from a 
System Engineering (SE) perspective, of the 
implementation of an NLP-based system in the pre-design 
phase of an Italian public procedure. SE focuses on the 
formalization of main stakeholders, system values and 
functions via IDEF0, Analytical Hierarchy Process 
(AHP), and Quality Function Deployment (QFD). 

Introduction 
Natural language in pre-design phase 
Pre-design is the initial phase of an architectural design 
and construction process and it has a significant impact on 
the project's value (Senescu et al., 2014). The main 
purpose of this phase is to define project goals and 
objectives which must satisfy stakeholders’ needs and 
demands reaching a consensus between the stakeholders’ 
needs and design teams’ proposals. Thus, an effective 
communication and understanding of the expressed 
requirements and demands is crucial for the project 
success (Taleb et al., 2017). Effective communication 
means that the intended messages and information have 
been properly understood and processed by the actors 
involved (Norouzi et al., 2015). Typically, during pre-
design phase, communication is mainly based on natural 
language: verbal expressions, written or spoken, are 
collected in text documents (Di Giuda et al., 2020). 
Natural language is pervasive and one of the richest forms 
of knowledge representation and communication. 
However, natural language is also prone to ambiguity due 
to its complex form and can lead to misinterpretations 
(Sun and Li, 2022). 

Italian public design call for tender: actors, 
information flow and criticalities 
The procedure of a public design call for tender, in the 
Italian context, involves mandatory steps and 
participation of several actors: 
● Public actor (appointing party): it defines needs, 

objectives, and requirements to be reach by the 
project, and it shares and communicate this 
information via a text document called Documento di 

Indirizzo alla Progettazione (DIP) in the Italian 
context. 

● Design teams: design groups participating to the call 
for tender. They aim to produce a design proposal to 
meet the public actor’s demands and, by means of 
that, win the tender. 

● External committee: appointed by the public actor, it 
evaluates the bids to identify the best design project, 
namely the most compliant with the declared 
demands. 

From this point of view, the DIP document is the 
instrument for the public actor to share the expectations 
regarding the design and construction of the building. The 
DIP is divided into two main sections: I) a quantitative 
section about the state of the premises, technical 
requirements, restrains, and regulations which can be 
defined via alpha-numerical parameters; II) a qualitative 
section which describes quality objectives and 
expectations like e.g., flexibility of spaces, perceptual or 
visual comfort. All these characteristics are defined and 
shared via verbal and natural language expressions. 
Analysing a public design call for tender procedure in the 
Italian context, some criticalities in the information flow 
among the involved actors can be identified, as illustrated 
in Figure 1. 
 

 
Figure 1: Document-based information flow criticalities. 

 

The first criticality occurs when the design teams must 
identify the quality objectives and demands in the DIP and 
translate the natural language expressions into a list of 
prioritized goals to be pursued and met by the design 
proposals. The same criticality comes up for the external 
committee in charge of the evaluation, which must 
identify and translate the public actor expressions into a 
numerical evaluation system to compare the design 
proposals and find the most compliant one. During the 
whole process, the public actor has no control on the 
translation procedure, which is manually implemented 
and strongly subjective, being based on the actors’ ability 
and experience to interpret the hierarchy of quality needs 
and demands. 
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A misinterpretation or an error during the identification 
and translation task, made by the design teams or/and by 
the external committee, can lead to an undetectable and 
unmeasurable quality gap (Locatelli, Seghezzi and Di 
Giuda, 2021). In the Italian public procedure context, the 
application of NLP to translate quality expressions to 
support the definition of an evaluation system can avoid, 
or at least, reduce the mentioned quality gap. 

State of the art 
Natural Language Processing 
As explained above, all the quality-related information is 
expressed relying on human natural language, via written 
text documents, which is considered an unstructured data 
form and can be digitally managed via a specific 
technique called Natural Language Processing (NLP). In 
a broader view, NLP aims to allow computers to process 
human natural language and generate knowledge 
(Montgomery, 1969, Pacak and Pratt, 1971, Barnett et al., 
1990, Lenci et al., 2005, Young et al., 2018). 

Natural Language Processing in AECO sector 
An analysis of the NLP applications in the Architecture, 
Engineering, Construction and Operation (AECO) field is 
provided to frame existing applications and studies and 
detect possible deficiencies and research gaps. NLP 
systems seem to be already applied in several AECO 
sector fields (Wu et al., 2022). Procurement, Safety, 
Project, and Construction risk management are the fields 
where NLP is most widely used. Articles about NLP 
applications in AECO are listed and gathered according 
to field and scope/task performed: 
● Procurement management: Classification of legal 

clauses (Hassan and Le, 2020, 2021); Automated 
detection of risky clauses in contract documents 
(Mahfouz et al., 2018, Lee et al., 2019, 2020); 
Automated detection of contract changes (Khalef and 
El-adaway, 2021); Facilitate disputes resolution (Fan 
and Li, 2013). 

● Safety management: Safety risks prediction (Ajayi et 
al., 2020, Zhong et al., 2020); Accidents analysis 
(Zhang et al., 2019); Safety incompatibilities 
prediction (Tixier et al., 2017); Accidents and injuries 
prediction (Tixier et al., 2016a, 2016b, Baker et al., 
2020). 

● Project and construction risk management (different 
from safety and legal risks): Automated detection of 
requirements defects (Ferrari et al., 2018); Estimation 
of the risk of non-compliance with time, cost, and 
project quality levels (Lee and Yi, 2017, Siu et al., 
2018, Bilal and Oyedele, 2020, Faraji et al., 2021); 
Support project and construction risk management 
(Zou et al., 2017); Support or automate compliance 
checking (Zhang and El-Gohary, 2017, 2019). 

No articles seem to be related to the pre-design or 
preliminary phases, representing a possible research area 
not covered by the Academia as of now (Locatelli, 
Seghezzi, Pellegrini, et al., 2021). Seen the potentiality 
and the existing applications, NLP techniques can be 
applied to automatically identify and translate the quality 

objectives and needs expressed via a DIP document into a 
numerical and machine-computable form (Locatelli, 
Seghezzi and Di Giuda, 2021). The paper proposes a 
formalization and the conceptual modeling, based on 
System Engineering techniques, of an NLP-based system 
to automatically process and translate needs and quality 
objectives into hierarchized objectives and the integration 
in a public tender procedure in the Italian AECO context. 
The NLP-based system aims to optimize communication 
among the actors and consequently minimize the 
demand/offer quality gap. 

Methodology 
System Engineering approach: reasons and scope 
Being the research object a multi-stakeholder and 
complex system a System Engineering approach is 
applied to depict a clear view of the theorized system 
supporting the identification and definition of I) Main 
stakeholders, II) System contents, boundaries, and 
relationships, and III) Target values (decision criteria) and 
mission (functions). In fact, Systems Engineering (SE) is 
defined as a transdisciplinary and integrative approach, 
embracing systems principles and concepts, as well as, 
technological and managerial approaches. (Silitto et al., 
2019). SE allows to balance technical and social needs of 
system stakeholders, including clients, end-users, and 
interested third parties. The goal of the approach is the 
formalization of the "whole system" and its relationships, 
not just the engineered artifacts. The steps of the 
manuscript are here summarized: 
● Purpose, boundaries and a first description of the 

system are defined via an IDEF0 context diagram. 
● System values are defined and then prioritized 

according to the stakeholders’ interests using the 
Analytic Hierarchy Process (AHP). 

● Technical functions are identified and via Quality 
Function Deployment (QFD) approach are 
hierarchized according to the AHP priority results. 

● Then the IDEF0 context diagram is decomposed in 
sub functions via an IDEF0 child diagram providing 
a functional description of the whole system. 

Conceptual modeling: IDEF0 context diagram 
IDEF0 (Integration Definition for Process Modelling) 
diagram is used to conceptualize the system scope and 
boundaries, main stakeholders, and main function. IDEF0 
is a diagramming technique for modelling representations 
of functions involved in complex systems allowing to 
categorize the functional context, main function and flows 
and state system’s purpose and viewpoints (Manenti et al., 
2019). The IDEF0 method uses the ICOM scheme 
(Inputs, Controls, Outputs, and Mechanisms/Resources): 
the main function, which receives inputs and controls, 
uses mechanism, or resources, and provides outputs are 
the five components of the IDEF0 diagram (Figure 2). 
 

 
Figure 2: IDEF0 structures and components. 
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Conceptual modeling: AHP technique 
In order to identify system values (decision criteria) and 
their relative priorities the system is analysed via an 
Analytic Hierarchy Process (AHP). AHP is considered a 
Multiple Attribute Decision Making technique and it has 
been applied in several fields (Vaidya and Kumar, 2006). 
The AHP allows to decompose a decision-making 
problem into different hierarchical structures according to 
the analysis goal (Saaty, 1987), as shown in Figure 3. 
 

 
Figure 3: steps of AHP technique. 

 

A series of pairwise judgments from domain experts or 
decision-makers allows the assignment of the relative 
importance between criteria, sub criteria, or alternatives 
solving the eigenvectors of a matrix to find the priority of 
each factor (Sun et al., 2019). The relative importance 
between two criteria/values is measured according to the 
Saaty scale (1 equal importance - 9 absolute importance) 
(Saaty, 1980). 
The approach enables to reduce complex decisions to 
simple rankings of criteria, sub criteria, and/or 
alternatives which would help the expert or the decision 
maker classifying the best decision accordingly to his/her 
own interests, while perceiving a clear rationale of the 
decisions (Chin et al., 1999). 

Conceptual modeling: AHP and QFD combination 
Quality Function Deployment (QFD) was developed as a 
customer-oriented approach for product innovation, 
gathering and transforming the customer requirements 
throughout the design process, from product concept to 
manufacturing operations (Chan and Wu, 2002). 
Generalizing the QFD method in a Systems Engineering 
approach, two elements must be identified and evaluated 
at the beginning: 
● Key functions. 
● Values used to judge the importance of the functions. 

Key functions of the system are identified as the first step 
of the approach. Then the QFD technique includes the 
evaluation of the defined functions according to the 
effect/impact/satisfaction of each function respect to the 
values/criteria. The effect/impact between each function 
and each criterion is measured according to the Likert 
scale: (1 weak – 5 maximum effect, impact, or 
satisfaction) (Likert, 1932). The results of the function-
value evaluation are weighted multiplying them with the 
AHP relative importance results.  

The QFD method is applied to find the technical functions 
required to the system, whereas AHP is used to measure 
the priority of each function accordingly to stakeholders’ 
expectations. Decision support procedures based on the 
combined adoption of AHP and QFD can be considered 
useful methods to implement the engineering of a system 
based on the values identified as of highest importance 
(Vaidya and Kumar, 2006). The main goal of an AHP and 
QFD combined approach is to support a rational 
understanding and description of the interests expressed 
by different target stakeholders so that the system will 
have the capacity to provide the functions for achieving 
the stakeholders’ desired values (De Felice and Petrillo, 
2010). 

Conceptual modelling: IDEF0 child diagram 
IDEF0 boundary diagram used to identify the functional 
context, the main function, and state purpose and 
viewpoints is decomposed in an IDEF0 child diagram to 
describe function and flows with a higher degree of 
definition (Figure 4). 
 

 
Figure 4: IDEF0 parent/child diagram structure. 

 

Results and Discussion 
IDEF0 context diagram: system conceptualization 
A conceptualization of the system scope and boundaries, 
main stakeholders, and function via an IDEF0 diagram is 
provided in Figure 5. 
 

 
Figure 5: IDEF0 context diagram. 

 

The main function of the system is the “Automatic 
processing and translation of DIP’s needs into 
hierarchized objectives and integration in tender 
documents” with the purpose of increasing the 
compliance of design proposals and bids evaluation 
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criteria with DIP’s needs. The inputs of the system are the 
Client’s needs stored in the DIP. The outputs are I) 
Validated NLP pipeline, II) NLP-enhanced procurement 
model, III) NLP-enhanced bid evaluation method, and IV) 
Hierarchy of the bids. 

AHP: system values/criteria 
The decision-making problem is divided into different 
hierarchical structures according to the AHP method to 
identify system values (decision criteria) and their relative 
priorities. Figure 6 shows the identification and 
categorization of the system values. 
 

 
Figure 6: AHP values decomposition three. 

 

A) Availability of NLP techniques: existence and 
suitability of NLP techniques for the purposes and their 
applicability to the available data sample. 
B) Accuracy: capability of the NLP pipeline to properly 
translate and hierarchize quality needs. 
C) Availability of a data sample: availability of a 
sufficient number of similar DIPs (in terms of building 
typology and budget) to properly train and validate the 
NLP pipeline. 
D) Alignment of outputs with procurement model: 
feasibility of the outputs of the NLP pipeline to be 
integrated in the tender documents without any more 
processing (in terms of type of outputs). 
E) Performance according to procurement model: impact 
of the NLP pipeline outputs in terms of improvement of 
the tender process according to the different procurement 
models. 
F) Cost of implementation: costs of setting and 
implementing the NLP system. 
G) Usability by non-experts: possibility to understand and 
use the outputs of the NLP pipeline and the NLP-
enhanced tender documents by non-NLP experts. 
The AHP involves the pairwise comparison of the 
identified 7 factors considering the system from the point 
of view of all stakeholders: public appointing party, 
design teams, external committee, and NLP system 
developers. Each stakeholder has different priorities, 
expectations, and values. The relative importance 
between two factors is measured according to the Saaty 
scale (1 equal importance - 9 absolute importance). An 

example of the comparison matrix for the appointing party 
stakeholder is provided in Table 1. 
 

Table 1: AHP values comparison matrix. 

Values A B C D E F G Norm 
A 1 1/5 1/4 1/7 1/7 1/5 1/7 0.03 
B 5 1 5 1 3 3 2 0.25 
C 4 1/5 1 1/5 1/3 2 1/5 0.06 
D 7 1 5 1 3 5 3 0.28 
E 7 1/3 3 1/3 1 5 2 0.16 
F 5 1/3 1/2 1/5 1/5 1 1/5 0.06 
G 7 1/2 5 1/3 1/2 5 1 0.16 

 

The AHP comparison has been conducted by 3 experts for 
each domain, with a solid background in the fields related 
to all the stakeholders (i.e., NLP experts, construction and 
design technicians, and procurement experts) allowing to 
identify the most important values for the whole system 
(normalized weight > 0.2; mean between max: 0.35 and 
min: 0.05), Figure 7. Most important values for each 
stakeholder: 
● Accuracy (B) and alignment of outputs (D) for the 

appointing party (Public client). 
● Accuracy (B), alignment of outputs (D), and usability 

by non-experts (G) for the design teams. 
● Accuracy (B) and usability by non-experts (G) for the 

external committee. 
● Availability of NLP techniques (A) for the NLP 

system developers. 
 

 
Figure 7: Most important values listed per stakeholders. 

 

In general, the most important factors/values considering 
all the stakeholders, as shown in Figure 8, are: 
B) Accuracy 
D) Alignment of outputs 
G) Usability by non-experts 
 

 
Figure 8: Most important values for all stakeholders. 
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Based on the AHP analysis, accuracy (a technological 
factor) and alignment of outputs (a procurement factor) 
rank as the two most important values, followed by 
usability (a social factor). 

QFD and AHP combination: functions prioritization 
The integration between the AHP results with a QFD 
analysis allows to identify the mission (main functions of 
the system) and define the values impacted by the 
importance of functions allowing to make a prioritization 
of the critical functions. The description of the system 
functions is here provided: 
A1) Data collection and analysis: collection and analysis 
of data regarding quality needs and demands by analysing 
the selected DIPs. 
A2) NLP technique selection: analysis of available NLP 
techniques to identify the most suitable for the system, 
considering the characteristic of the data sample. 
A3) NLP pipeline setting: setting and training of the NLP 
pipeline to automatically and accurately translate quality 
needs and demands expressions into hierarchized 
objectives/evaluation criteria. 
A4) NLP application and validation: DIP processing to 
digitalize quality needs and objectives expression stored 
in the DIP and subsequent output validation by the 
appointing party. 
A5) Integration in procurement process: integration of the 
NLP pipeline outputs in the tender process and documents 
shared with the design teams and the external committee. 
A6) Evaluation of bids: evaluation of the bids according 
to the hierarchized objectives/criteria used as an 
evaluation scoring system. 
As stated, the QFD includes the evaluation of the 
functions according to the effect/impact/satisfaction of 
each function respect to the values/criteria previously 
identified in the AHP. The effect/impact between each 
function and each criterion is measured according to the 
Likert scale (1 Weak - 5 Maximum 
effect/impact/satisfaction). A functions-criteria/values 
relationship matrix is performed for each stakeholder. An 
example of the QFD and AHP matrix for the appointing 
party stakeholder is provided in Table 2. 
 

Table 2: QFD and AHP combined values-functions matrix. 

QFD A B C D E F G 
A1) 4 5 5 1 1 2 1 
A2) 5 5 5 3 1 2 1 
A3) 5 5 5 1 1 5 1 
A4) 5 5 3 4 3 2 5 
A5) 1 1 1 5 5 2 4 
A6) 1 4 1 4 5 2 3 

Weight 0.03 0.25 0.06 0.28 0.16 0.06 0.16 
A1) 0.11 1.23 0.31 0.28 0.16 0.12 0.16 
A2) 0.13 1.23 0.31 0.85 0.16 0.12 0.16 
A3) 0.13 1.23 0.31 0.28 0.16 0.30 0.16 
A4) 0.13 1.23 0.19 1.14 0.49 0.12 0.79 

A5) 0.03 0.25 0.06 1.42 0.81 0.12 0.63 
A6) 0.03 0.99 0.06 1.14 0.81 0.12 0.47 

 

The values obtained for each function are then summed 
defining a priority scale: 
A1) Data collection and analysis:  2.38 
A2) NLP technique selection:  2.97 
A3) NLP pipeline setting:   2.58 
A4) NLP application and validation: 4.09 
A5) Integration in procurement process: 3.32 
A6) Evaluation of bids:   3.62 
Figure 9 shows per each stakeholder the results of the 
QFD and AHP combined analysis. The two functions A4) 
NLP application and validation and A6) Evaluation of 
bids are identified as the most important; A2) NLP 
technique selection is also identified as a fundamental 
function for all the stakeholders. 
 

 
Figure 9: Radar chart of the effect/impact/satisfaction of each 

functions respect to the stakeholders’ values/criteria. 
 

IDEF0 child diagram: functional decomposition 
An IDEF0 child diagram (Figure 10) to formalize the 
systems sub-functions is provided. Inputs, Controls, 
Outputs, and Mechanisms/Resources of the IDEF0 
context diagram (Figure 2) are decomposed with a higher 
degree of definition according to the scheme shown in 
Figure 4 (IDEF0 parent/child diagram structure). Controls 
and Mechanisms/Resources decomposition list is 
provided. 
Mechanisms/Resources decomposition: 

• NLP system: NLP experts, NLP approaches, 
NLP libraries and algorithms. 

• Design and construction system: Design and 
construction experts. 

• Procurement management system: Procurement 
experts, External committee. 

Controls decomposition: 
• Capacity of NLP technology: Typology of NLP 

approach, NLP algorithm performances, NLP 
coding constraints. 

• Capacity of the model to represent needs and 
objectives: Representative sample, 
Representativeness capacity. 
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• Usability by non-expert: Transparency of the 
evaluation, Ease to use. 

• Feasibility in a public tender process: Cost of 
implementation, Alignment with procurement 
documents, Procurement model, Explainability 
of the objectives. 

The sub-functions identified are linked via mutual inputs 
and outputs. As stated, the IDEF0 diagram provides a 
broader description of the system from a functional point 
of view. 

Conclusions  
In this paper, the theorized NLP-based system is 
formalized and conceptually modelled using System 
Engineering techniques. 
The IDEF0 context diagram highlights the system main 
function: “The automatic processing and translation of 
DIP’s needs into hierarchized objectives and integration 
in tender documents”. 
The purpose of the whole system is to increase the 
compliance of design proposals and bids evaluation 
criteria with DIP’s demands, improving effective 
communication among the actors involved in a public 
design call for tender procedure in the Italian AECO 
context. The higher level of communication and 
compliance aims to decrease the criticalities in the 
information flow among the main actors involved (i.e., 
appointing party, design teams, and the external 
committee in charge of the evaluation). Reducing possible 
misinterpretation during the quality objectives and 

demands identification and translation task, consequently 
minimizing the quality gap between quality demand and 
design offer. 
The inputs of the system are also identified, namely the 
public appointing party’s needs stored in the DIP, as well 
as the outputs of the system: I) Validated NLP pipeline, 
II) NLP-enhanced procurement model, III) NLP-
enhanced bid evaluation method, and IV) Hierarchy of the 
bids. 
Competencies and skills in NLP system developing, 
design and construction, and procurement management 
fields are identified as resources/mechanism necessary to 
develop the system. Modern NLP technologies capacity 
to model needs and quality demands, usability by non-
expert, and feasibility in a public tender procedure are 
identified as main controls that rule the system. 
The AHP analysis shows that the most important values, 
considering all the stakeholders, are B) Accuracy (a 
technological factor), D) Alignment of outputs (a 
procurement factor), and G) usability by non-experts (a 
social factor). The most important values belong to 3 out 
of the 4 general categories. 
The AHP and QFD combined analysis identifies that 
function A4) NLP application and validation, and A6) 
Evaluation of bids are the most important for the whole 
system, likely because their outputs are the hierarchized 
objectives list which is fundamental to properly identify 
the winning bid. Function A2) NLP technique selection is 
also identified as fundamental since it is the starting point 

Figure 10: Overview of the functional decomposition from the Context Diagram – IDEF0 child diagram. 
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for the definition of the NLP pipeline leading the 
subsequent choice of the NLP algorithm. 
In conclusion, formalizing the system through Systems 
Engineering allowed highlighting and balancing the 
technical and social needs of the stakeholders by 
modelling the entire system and its relationships, focusing 
not exclusively on engineered artifacts. 
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Abstract 

This paper describes the enrichment of a building 
information model (BIM) with information from a 
building inspection or a motion path and the 
characteristics taken up thereby, for example pictures, 
comments or similar. The data from the motion path is 
generated with an autonomous Indoor Position System 
(IPS) and superimposed with an Industrial Foundation 
Classes (IFC) model. This approach focused the 
application of solutions for longer distances. The 
presented solution offers an open BIM approach for a 
robust and efficient data overlay.  

Introduction 

Motivation 

The indoor positioning of pedestrian and Points of 
Information (POI) in a building is getting more and more 
important for a lot of applications. While outdoor 
positioning and localization are well established caused 
by Global Navigation Satellite System (GNSS), the 
tracking inside a building is not possible because of the 
isolation of the signal from the satellite (Real Ehrlich, 
Blankenbach, 2019). The applications for Indoor Position 
System (IPS) on a construction site are ranged from tool-
, material-, labor tracking to robot tracking and some 
applications in the field of facility management. A typical 
use case for IPS in construction management is the 
documentation process of construction activities and 
anomalies.  

The scope of this work is the information enrichment of a 
IFC Model by information like images and comments. 
These information are recorded in a building walkthrough 
with an IPS. Currently, this information is often located 
manually by note room numbers or scanning reference 
sources such as QR codes. Even for the site engineer’s it 
is hard to describe the orientation of the information in the 
building. Especially in the shell construction state there 
are few orientation points to reference the information of 
an inspection. There are some well-known software 
solutions that solve this challenge of information tracking 
with augmented reality, but this seems not to be a robust 
and cheap solution for the mass market. Another quite 
new solution is the involvement of robots (Fabian 
Kurmann, 2021) to ensure an automatically 
documentation process during the construction phase. 
Such robots walk through a specified path and scan the 
area with 360° images, points clouds or similar. The 

recorded anomalies must be evaluated by the site engineer 
afterwards. The method introduced in this paper is aimed 
at all parties involved in the construction process who 
need to locate information in a building. This paper shows 
a solution to make this documentation process cost-
effective, robust, as well as easy to use. This is important 
to make the application useable for small and middle-
sized enterprises (SME) and raie the awareness of its 
useability for building inspection, an acceptance report or 
another use cases in the Architectural, Engineering and 
Construction (AEC) industry. 

State of the art in IPS 

For the development of IPS in the recent years a number 
of research reviews and summaries have been published 
that represent the current state of the art very well 
(Kunhoth et al., 2020) (Sakpere et al., 2017) (Brand et al. 
2017). In (Li et al., 2020) it is well described that 
currently, there is still no single perfect system that can 
achieve indoor positioning. This paper is not primarily 
concerned with a contribution of improving indoor 
mapping, but rather with its application in an AEC use 
case. In the following section, a common overview of the 
current state of the art is shown.  
Indoor positioning systems are based on different 
signaling technologies, for example, radio frequency 
identification (RFID), radio-based wireless local area 
networks (WLAN), ultra-wideband (UWB), infrared (IR), 
ultrasound, mechanical systems as used in this paper or 
images recognition (vision-based systems). 
Modern stationary laser scanners are equipped with 
corresponding Simultaneous Localization and Mapping 
(SLAM) features and automate the localization of the 
scanned point clouds (Biasion et al 2019). Because of 
multiple sensors, this total station has a very high 
accuracy in indoor navigation. At present, the accuracy 
for wearable IPS is in the range of a few meters (1-3 m), 
so that accurate room navigation is possible. A robust and 
reliable IPS consists of a fusion of different technologies 
(Hybrid IPS technologies). These hybrid IPS combines 
two or more systems to improve the performance of each 
system.  
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For this paper used technology  

The autonomous system used in this paper is developed 
by inertial elements1. The choice of tracking technology 
was primarily based on applicability, cost, and usability. 
The motion sensor consists of a shoe mounted inertial 
measurement unit (IMU) and  a pedestrian dead reckoning 
(PDR) system for real-time indoor localization in an 
environment without GPS reception. The IMU shoe 
mount was also supplied by GT Silicon Pvt Ltd. 
Displacement and direction of the IMU is transmitted to a 
smartphone application and transmits data from sensors  
including i.e. accelerometers and gyroscopes in step 
frequency, which is typically 1 Hz for normal walking. 
Therefore, the low frequency PDR data (typically a few 
dozen bytes per second) also reduces the probability of 
transmission loss. This also relieves the computational 
load on the application platform. 

 
Figure 1: Conceptual approach 

The IMU sensor used is the Osmium MIMU22BLP in 
combination with the Android application DaReX as the 
interface, as shown in Figure 1. The Figure 2 illustrates 
how DaReX detects the steps of its wearer and sets 
displacement and direction of each detected step in 
relation to the previous step and transmits the information 
as tracking points through the Bluetooth interface. The 
IMU can also be controlled via an application 
programming interface (API).  

                                                           
1 https://inertialelements.com/  

 

Figure 2: Conceptual approach 

The findings in this area of research shows that a lot of 
resources are being invested in the development of IPS 
with smartphones. Focused is the development of a 
standard that does not require any additional sensors or 
stational hardware except of the smartphone. The interest 
is an robust and affordable IPS for the mass market 
(Nguyen et al., 2021). In recent years, many research 
papers have been published that permanently improve the 
accuracy and simplicity of IPS. The technology has 
various application fields, from construction process to 
operation and maintenance in smart building. The 
improvement of a smartphone based autonomous IPS that 
uses machine learning to minimize their measurement 
errors has the potential to become a standard in the 
coming years (Chen et al. (2020). 

Concept 

This approach build up on the approach of 
(Kreyenschmidt et. al., 2021). The concept of this paper 
is the superimposition of information such as images or 
tags to the related rooms using an IFC space model. 
Theoretically, superimposing with any volume space 
model would also be possible. 
Figure 3 shows a schematic of the whole process, form 
motion path creation, information recording, information 
transfer and the superimposition with the IFC space 
model. After recording the motion path and the related 
tags, the information will be transferred to a database. 
This is done as an export or by synchronization from a 
cloud. From the database, the tracked motion path will be 
imported into an IFC viewer. Afterwards the recorded 
tags and the related motion path will be superimposed 
with the IFC space model to enrich the model information. 
The superimposition between the information and the IFC 
space model is done after the test walk.  
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Figure 3: Conceptual approach 

Methodology 

Tracking with the IPS 

The experiment where made in the main building of the 
Jade University of Applied Sciences in Oldenburg. The 
mounted system is shown in Figure 4. Every time the 
device is activated it needs to be calibrated. For the 
calibration the device needs to be moved in the figure of 
an eight several times2. The coupling of the navigation 
with the smartphone allows the recording of image and 
alphanumeric data in tags. By starting the record every 
motion is tracked. However, the tracking itself is not free 
of errors and you should avoid unnecessary rotations or 
abrupt motions. In the experiment described here we had 
some trouble with the drift of the system, this will be 
discussed in the next section. For the workflow and the 
later superimposition of tracked motion path with the IFC 
model, a reference point is necessary to align the IFC 
model and the tracked path. 

                                                           
2 https://inertialelements.com/support.html 

 
Figure 4: Foot mounted IMU 

The application on the mobile device generates a text-
based log file from the walk-through. This was 
synchronized with a cloud database. An example of the 
data file is shown in Table 1. The first table column lists 
a timestamp indicating the exact time per detected step, 
which is recorded in the second column.   

Table 1: Example of the imported data structure 

TIME  
STAMP 

 

STEP 
COUNT 

X Y Z 
Dis-
tance 

degree 
Tag-

Name 

13:57:27.894 0 0,77 1,02 0 1,28 192 Ref. 0 

13:57:27.903 1 0,77 1,02 0 1,28 192  

13:57:31.854 2 0,78 0,85 0 1,46 266  

13:57:39.814 3 0,12 -0,37 0 2,93 36  

13:57:41.160 4 0,95 -0,78 0 3,86 264  

13:57:42.395 5 1,97 -1,74 0 5,26 313  

13:57:43.728 6 2,49 -3,12 0 6,73 42  

13:57:45.177 7 2,79 -3,56 0 7,26 74  

13:57:46.610 8 1,86 -2,5 0 8,68 137 PoI.1 

13:57:47.679 9 2,32 -2,4 0 9,15 5  

13:57:49.080 10 2,78 -3,61 0 10,44 95  

13:57:52.822 11 2,07 -3,91 0 11,22 90  

13:57:54.096 12 0,61 -4,58 0 12,82 88  

The columns X, Y, Z, distance and degree describe the 
motion path and the measurement of the walk. This can 
also be viewed directly in the application. The last column 
shows the so-called TagName. Here, the point of 
information (POI) is marked, which means notes of 
individual measuring points are listed. The application of 
the mobile device allows directly taken photos, a text 
input, or a voice message of a specific POI. Afterwards, 
the POI is listed in the dataset with time, and location from 
the starting point. Each time a new inspection is recorded, 
a new log file is created. 
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IPS accuracy for long motion path tracking 

In (Kreyenschmidt et. al., 2021) the experiments were 
made with tracks with a distance than less than 200m. 
During the 6 test tracks with longer distances, some bigger 
deviations where measured. The tracks 5 and 6 are 
recorded with 2 times 360° (720°) rotations resulted in 
deviations of less than 2.0m. But constant rotations due to 
staircases led into a directional drift. The longer test 
motion path’s (1-3) were over two floors (Δz=8.13m) and 
in this course the IPS was rotated 6 times by 360° 
(2.160°). The results of the measurement gap are shown 
in Table 2. 

Table 2: Measurement gap of longer motion path tracking3 

Tracknumber Δx [m] Δy [m] Δz [m] distance [m] Δabsolut [m] 

1. LOG_FILE_145833 -18,82 -14,51 -0,03 284,13 23,76 

2. LOG_FILE_150723 -18,57 -12,75 -0,06 282,41 22,53 

3. LOG_FILE_151551 -17,45 -8,18 -0,02 281,83 19,27 

4. LOG_FILE_151246 -27,35 -5,73 -0,03 404,34 27,94 

5. LOG_FILE_ 105405 -1,03 4,35 -0,08 272,52 4,47 

6. LOG_FILE_ 110013 -1,24 -1,28 0,71 231,28 1,92 

The distance of 404m, track 4 in table 1, refers to a track 
with complete 8 rotations by 360° (2,880°). The results in 
Figure 5 shows the accuracy is decreasing with more 
rotation. The introduction of more measuring points or 
reference points could probably reduce the drift.  

 
Figure 5: Ratio of drift and rotation 

To avoid these deviations the longer test tracks were 
divided into small sections from one reference point to the 
next. Therefore, the different sub-sections could rotate to 
the correct position as shown in the test in Figure 7. To 
build the subsections of the track several predefined 
reference points where needed. The reference points 
where installed in some preselected doors as named in 
Table 3. The reference points where tabbed with a cross 
on the floor ground. This process is easy to apply and 
could also be foreseen in shell constructions.  
As shown in Figure 6 the reference points were recorded 
while holding the tracker on the cross. This process is 
done for all 8 Reference points to build subsections, align 
the model and import the track in the IFC model in the 
next step.  
                                                           
3 https://github.com/hobbie-jade-hs/desite-indoor-navigation 
4 https://thinkproject.com/products/desite-bim/  

Figure 6: Record of the reference points 

Table 3: Reference points 
Reference point distance [m] Position 

Ref.0 0 Start at the door in the 2nd floor 

Ref.1 93 
At the door of a classroom II21 

in the 2nd floor 

Ref.2 162 
Door Westside at Staircase 

North 2nd floor 

Ref.3 183 
Door Eastside at Staircase 

North first floor 

Ref.4 286 Main entrance East ground floor 

Ref.5 342 
Door Northside at Staircase 

West ground floor 

Ref.6 385 
Door Northside at Staircase 

South first floor 

Ref.7 491 
End at the door in the 2nd floor 

(same as Ref.0) 

Import and align the model 

In the first approach the alignment and the import were 
made in IFC Viewer Desite md4. For more details see 
(Kreyenschmidt et. al., 2021).  

In this approach the alignment of the track is made in a 
separated JavaScript (ecma2009)5. In the separated script, 
a loop is calculating the array of points. At each point a 
check is made to see if a reference point exists. If a 
reference point is found, it is set as the starting point for 
the section to be optimized and a reference point is 
selected to align the sub-section. On the basis of the 
georeferenced model coordinates a translation of the 
partial distance takes place. With the coordinates of start 
point, reference point and the end point of the section the 
rotation angle is calculated as shown in formula 1. All 
points of the sub-section container are rotated around this 
angle. The calculated coordinates of the sub-section are 
stored temporarily in an array and the reference point of 
the previous section is defined as the new start point for 
the next sub-section. This process is repeated until the end 
of the file is reached. 
 

𝑐𝑜𝑠
𝑃  × 𝑃  + 𝑃  ×  𝑃  

𝑃   + 𝑃  ² × 𝑃   + 𝑃  ²

 (1) 

 

5 https://www.ecma-international.org/publications-and-
standards/standards/ecma-262/  
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Figure 7: Alignment process of the track  
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The array of points is written to a text file and which is 
imported into the IFC Viewer Desite md6. The viewer 
does not have the direct possibility to import the tracked 
data from the log file into the program. The points were 
loaded into the project by accessing the application 
programming interface (API). For this purpose, an 
algorithm was created in JavaScript (ecma2009)7, which 
loads the points to an information container that was 
created in the project of the IFC viewer. All points are 
contained within one container. This allows translations 
and rotations of the objects in a related set.  

Each of the 382 tracking points are included as objects, 
which allows the attribution of each object. That allows 
further information enrichment in the model. The full 
process including the script has been published in a 
Github repository8. 

Superimpose Information and IFC Model 

After the tracked points are imported into the IFC viewer, 
the tags must be superimposed onto the IFC model. The 
IFC Viewer offers the possibility to superimpose objects 
with other objects by collision detection. We use this 
functionality to assign the information of the 
corresponding room number/-name (see Figure 8). 
Another possibility is to superimpose between the 
TimeStamp of the track and the external information such 
as images and comments. Now, the information or the tag 
is extended by the attribute of the room name/ room 
number. 

 
Figure 8: Extend the tracking points with Room names 

The superimposition is based on the IFC Space entities of 
IFC, therefore it is unnecessary to have a complete 
building-model. Rooms and individual reference points 
are sufficient for superimposition. That means, this 
application use case could be transferred to the field of 
existing buildings or heritage BIM, whereas known IFC 
models are not so common. Moreover, this application use 
case can be taking place in the field of facility 
management. 

Discussion and future work 
Discussion of the accuracy 

The aimed accuracy of this approach was the allocation of 
the tracking point to the specific room from the IFC-
space-entity. To archive that the accuracy needs a range 
of less than 2meter. Because the subsections do not 
exceed the length of 100m we do not recognize deviations 

                                                           
6 https://thinkproject.com/products/desite-bim/  
7 https://www.ecma-international.org/publications-and-
standards/standards/ecma-262/  

of more than 2m. But even this small deviation can lead 
to mismatching between room name and tracking points. 
Especially when the tracked person is documenting Points 
of information close to a wall, that means closed to 
another room. A solution therefore is the possibility to 
integrate a logical algorithm that is based on probability 
to allocate the specific points to the right room. This is to 
specify in further research.  

Outsourcing of the intersection process 

To fulfill the claim of open BIM the next step is in the 
development is the outsourcing of the intersection process 
from the IFC Viewer.  

There are some open-source projects that would be 
suitable for this. IFC.js (https://ifcjs.github.io/info/) is 
particularly interesting. This is a JavaScript library that is 
designed for the display and processing of IFC models. 
This would make it possible to outsource the process to 
the browser and apply the described method in a platform-
independent way. 

Conclusion 
The approach is based on the approach of (Kreyenschmidt 
et. al., 2021) and presented the further integration of 
longer distance tracking.  

Even if localization methods are described as autonomous 
and accurate today, the handling and setup of a 
corresponding workflow is not easy enough to establish 
them in the mass market. The challenge to the robustness 
of such a system is currently not given to generate a plug 
and play solution. The potentials and requirements 
presented in this paper illustrate how an IPS can make the 
construction and inspection process more transparent and 
leaner, with structured Points of Information that are 
located with an IPS. The wide range of development 
makes it difficult to predict which method will become 
widely accepted, or whether there will be a variety of best 
practice methods in the market.  

The IMU sensor in combination with DaReX is confirmed 
to be useful for tracking applications in the AEC industry. 
The improvement of Indoor positioning systems is to 
expect. Nevertheless, it is necessary to increase the 
robustness of the solution presented here and to take up 
the discussed approaches in future research to produce 
more reliable tracking data for longer distances. A robust 
IPS with information transfer to open standards such as 
IFC will lead to more efficiency in the construction and 
operation of buildings. 

 

8 https://github.com/hobbie-jade-hs/desite-indoor-navigation  
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Abstract 

In order to reach the goal of a net-zero carbon society, the 

construction industry plays a significant role. Optimising 

the performance of new buildings in early design phases 

requires the analysis and evaluation of environmental 

impacts by life cycle assessment (LCA). The semantic 

building model can be employed to automatically derive 

necessary information for LCA to reduce the manual 

calculation effort. Existing approaches using Building 

Information Modelling (BIM) for LCA mainly take the 

operational and the embodied impacts of the building 

construction materials into account. Still, they do not 

consider technical building services (TBS), especially in 

early design phases. However, the embodied carbon of 

TBS has a significant impact (up to 30% for office 

buildings) on the whole building LCA and is generally 

underestimated. Usually, it is considered as a factor of the 

total LCA but rarely calculated in detail. 

To identify the research gap, this paper first presents a 

literature review on existing approaches of the research 

field of BIM-based LCA of building services. There are 

just a few approaches in this field, and none of the BIM-

based ones are applied in early design phases. The 

literature review classifies publications in different 

aspects, such as design phase, TBS Scope, LCA scope, 

and BIM integration. In a second step, a new methodology 

focusing on early design phases is presented. As in early 

design phases, we assume not to have a TBS model yet, 

an energy demand analysis and pre-dimensioning of TBS 

components are included in the methodology. Afterwards, 

LCA is calculated for the main TBS components based on 

the quantity take-off of the pre-dimensioned components.  

Introduction 

The European Commission proposed along the actions of 

the European Green Deal and the EU Taxonomy new 

actions regarding climate and energy policies of the 

construction and building sector, which will tighten the 

requirements on energy efficiency, use of renewable 

energies, and life cycle thinking. Greenhouse-Gas (GHG) 

Emissions from the production, deconstruction, and 

recycling of buildings are considered for the first time. To 

assess a building's GHG emissions, LCA is used. 

However, the TBS, defined by Heating- Ventilation and 

Air-Conditioning (HVAC) electrical and plumbing 

systems, are usually only included in a simplified way or, 

more often, are entirely neglected. Therefore, the extent 

of the environmental impact of building services is 

generally underestimated, and the savings potential in 

terms of emissions and other environmental impacts is not 

recognised. The main reason for this is that the effort 

required to determine the necessary data basis for an LCA 

of TBS is very high. 

The BIM method and the Industry Foundation Classes 

(IFC) data exchange format offer a high potential to 

perform LCA significantly more efficiently and 

comprehensively by enabling the full consideration of 

TBS materials.  

State of the Art 

This section introduces the four main interfacing topics 

BIM, LCA, HVAC, and Early Design Phases, and their 

combination by analysing the synergies of the 

combination of two main topics (Figure 1). 

 

Figure 1: Overview of interface topics BIM, LCA, HVAC, and 

Early Design Phases 

HVAC and LCA  

The consideration of HVAC in LCA is still an 

underestimated area. Although the standard DIN 

EN 15978 provides an exemplary specification in its 

supplementary Annex A, where besides the main 

elements of the building, TBS is also included, current 

LCA calculation rules of green building certification 

systems allow to simplify or neglect the consideration of 

environmental impacts. However, a few studies show that 

TBS is responsible for a high share of embodied impacts 

for new constructions of non-residential buildings 
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(Alexander et al., 2010). Notable in this regard is that TBS 

only has a material mass share of usually around 1–4% of 

the total building. For example, in the case of GHG 

emissions CO2 emissions are significantly higher than 

20% or 30% (Lambertz et al., 2019; Schneider-Marin et 

al., 2019). Within TBS, HVAC becomes a key role as it 

consists of materials like metals and plastics, which cause 

high material-related environmental impacts due to 

energy-intensive manufacturing processes and short 

service life. Therefore, there is a high necessity to 

consider TBS in assessing embodied carbon in a more 

integrated and coherent way with the building design. 

Early Design Phase and BIM  

Building design processes usually follow similar 

workflows with different stakeholders and 

interdisciplinary design teams incorporating their 

personal domain knowledge. To improve the holistic 

performance of building designs, e.g., considering 

economic and environmental qualities, design decisions 

based on simulations and analysis in early phases 

significantly impact the resultant design (Abualdenien et 

al., 2020). At the same time, early design phases of 

building projects are those, which are most complex to 

understand, carry out and manage (Knotten et al., 2015).  

There are several advantages of a BIM-based planning 

process, such as the automatic derivation of views, floor 

plans and sections from the model without contradictions, 

collision checks between the models of different 

disciplines, and the connection to calculation and 

simulation programs or for checking compliance with 

various regulations (Borrmann et al., 2018). Furthermore, 

BIM can be used to precisely determine quantities in order 

to calculate costs or as a basis for calculating a life cycle 

assessment.  

As in early design phases, most information is uncertain. 

The assignment of a (low) LOD to a model or a 

component is necessary to make the lack of reliability 

transparent. LOD in the BIM method is understood as an 

acronym for Level of Development and is the analogous 

concept to the scale drawings of conventional design. 

Level of Development specifies the degree of completion, 

maturity, or elaboration. The U.S. representative of 

buildingSMART International BIMforum has defined the 

individual Levels of Development (BIM Forum, 2020). 

Furthermore, Level of Information Needs (LOIN) 

describes similar content like LOD (geometry and 

alphanumerical information). Still, it supports a particular 

use-case and was introduced by the European 

Standardization Organization (CEN) (DIN EN 17412). 

LOD is known as the sum of Level of Geometry (LOG) 

and Level of Information (LOI) (Borrmann et al., 2021). 

Abualdenien developed a meta-model approach where 

multi-LOD data represent buildings at different design 

phases (Abualdenien and Borrmann, 2019). It is based on 

BIMForum's LOD definitions and introduces a new 

concept, Building Development Level (BDL). As LOD 

usually defines specific components, the BDL concept 

defines the maturity of the overall building model with 

individual LODs for each element type. 

Early Design Phases and LCA  

In today's industry practice, most of the LCA calculations 

are executed in the detailed design phase (Braune et al., 

2018). One reason is that all necessary information is 

available in later design stages, and collecting all of them 

is usually time-consuming, so it is generally done once. 

Nevertheless, an important goal of calculating embodied 

environmental impacts is to optimise the design, while the 

most significant impact on the performance is mainly 

early design stages. Dotzler et al. showed the potential of 

a combined analysis of LCA and LCC in early design 

phases in the research project Design2Eco (Dotzler et al., 

2018). The paper identifies strategic parameters for both 

LCA and LCC and derives recommendations for 

optimising the building performance. The final proposal 

recommends that both LCA and LCC should provide data 

on a component level, allowing to holistically analyse 

both simultaneously. 

Alexander Hollberg's PhD thesis approached the 

optimisation potentials of LCA in early design phases 

with the help of parametric tools using the Visual 

Programming Language (VPL) Grasshopper with Rhino 

(Hollberg, 2016). This approach, called Parametric LCA 

(PLCA), is implemented by CAALA (Caala GmbH, 

2022). This software start-up was founded with the aim of 

integrating LCA more seamlessly in early design phases. 

Another approach of calculating LCA in early design 

phases is based on whole building LCA benchmarks of 

previously calculated LCA of already realised buildings 

(see discussion in section 4.1). Hollberg et al. discuss the 

question of top-down or bottom-up approaches, and 

benchmarking help evaluating LCA in early design 

phases for design optimisation (Hollberg et al., 2019).  

Gantner et al. suggest a successive detailing of 

benchmarks, based on several design phases such as 

occasion and initialisation, where building types and 

systems are decided, demand planning and basic concept 

phase, where functional systems are selected, design and 

approval planning, where element systems are chosen, 

and more detailed design phases (Gantner et al., 2018). In 

the first phase, benchmarks are derived from fully 

developed buildings and in the second phase from typical 

building elements. 

When calculating LCA in early design phases, certain 

geometry and material choice information are still 

uncertain. To better understand the uncertainty, sensitivity 

analyses have been carried out and received greater 

attention in recent research. Goulouti et al. extend their 

analysis to LCA and LCC and show the importance of 

building elements' service life (Goulouti et al., 2020). 

Schneider-Marin et al. propose a method where designers 

are guided to parameters with the highest uncertainty to 

optimise the design (Schneider-Marin et al., 2020). Harter 

adds operational energy besides the embodied energy in 

his uncertainty analysis (Harter, Singh et al., 2020). 
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HVAC and Early Design Phases  

In the Early design, only the concept of the TBS and the 

main routes for the ducts, pipes, and electrical trays are 

known. Therefore, some level of estimation is needed in 

this project phase. Two main approaches are used: (1) 

algorithmic estimation of the rest of the routes (Böckle, 

2021), calculation of their Bill of Quantities (BoQ), and 

their environmental impacts. Another option is (2) a rough 

estimation of the environmental impacts of the TBS based 

on the conceptual solution of the systems and experience 

of the assessing person.  

In the literature, the usual value is to add 10-20% on top 

of the embodied environmental impact of the building. 

This value can vary according to the building typology 

and its specific use. Passive solutions of the air ventilation 

can decrease impact significantly. On the other hand, 

special buildings, such as hospitals or laboratories, can 

have an impact of the TBS up to 50% on top of the 

building itself. As buildings become more complex and 

technical, it can be estimated that the environmental 

impacts of the TBS will increase. Nevertheless, there is 

currently no standardised method available for estimating 

TBS in early design stages, which raises a number of 

research questions and needs.  

BIM and HVAC  

The modelling of TBS with BIM takes place in several 

BIM specialised models. In general, Heating, Ventilation 

and Air Conditioning, as well as plumbing and electrical 

systems, are modelled as separate BIM models.  

The BIM Manager of TBS combines the separate models 

of the TBS into a combined model for checking clashes, 

correct distances, or fire protection requirements. The 

specialised model of TBS is then used by the overall BIM 

coordinator in a BIM project (usually the architect), for 

example, to perform the clash detection of the 

architectural and structural models. As a rule, non-

proprietary data exchange formats, such as IFC, must be 

used for this purpose.  

The combined specialist models can be used as a basis for 

a whole building LCA, meaning full consideration of 

HVAC materials. However, only a few studies have done 

this (Theißen et al., 2020). The current approaches, in 

which BIM and LCA are combined to assess 

environmental impacts of HVAC, generally export data 

from the BIM model for the Life Cycle Inventory (LCI) 

or follow a closed BIM solution (Kiamili et al., 2020).  

LCA and BIM  

The integration of LCA calculation in the BIM workflow 

is an emerging field in research and practice (Schumacher 

et al., 2021). Several literature reviews have been recently 

conducted, which will be partially presented in the 

following section.  

 

 

Wastiels and Decuypere analysed five different 

integration strategies (Wastiels and Decuypere, 2019):  

• Bill of quantities (BOQ) export 

• IFC import of surfaces 

• BIM viewer for linking LCA profiles 

• LCA plugin for BIM-software 

• LCA enriched BIM objects 

Based on these strategies, Potrč Obrecht et al. analysed 

and compared several recent approaches and classified 

them according to the integration strategy. Nevertheless, 

in their systematic literature review, the authors identify 

that HVAC systems are not always included in the scope 

of LCA (Potrč Obrecht et al., 2020). Furthermore, the 

analysis differentiates between manual, semi-automated 

and automated approaches, which is a significant benefit. 

Safari and AzariJafari identified a list of challenges and 

opportunities of LCA and BIM in their research and also 

identified the history of trends in the research field (Safari 

and AzariJafari, 2021). While in 2017, the consideration 

of LODs was described as a key point of BIM-LCA 

studies, in 2020, the development focused more on the 

dynamic approach of integrating LCA with real-time 

feedback directly into BIM models. 

Llatas et al. investigated in their systematic literature 

review not only the environmental dimension of 

sustainability but also the economic and social ones in the 

context of BIM integration. From the analysed 36 papers, 

all included LCA, but only six included LCC as well, 

while no approach already included a social LCA (Llatas 

et al., 2020). 

Forth et al. identified six approaches, including the 

embodied energy of TBS or HVAC systems in their 

process, although none were in the early design stage 

(Forth et al., 2021). This leads to a more detailed literature 

analysis in the following section.  

Literature Analysis 

Classification of Literature analysis/ Criteria Matrix 

Selection 

Each paper was analysed according to previously defined 

criteria to analyse the identified literature in a structured 

way. These criteria were selected by groups according to 

the major topics of this paper, which are the design phase, 

building services scope, LCA and BIM integration. To 

provide a better overview and allow to understand the 

advantages and disadvantages of the different approaches, 

a selection of twelve papers was investigated in more 

detail.  

A classification was established for better comparison and 

evaluation. The classification criteria are grouped as 

follows (Table):  
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Table 1: Classification groups of literature analysis 

Group Classification  

Design Phase Early Design  

 Detailed Design 

Building Service 

Scope 

HVAC 

 Electrical equipment 

 Plumbing 

LCA Scope Service Life 

 Impact Category 

 LCA data source 

 Replacement period 

 Source of replacement 

rate 

BIM Integration available 

 Closed or open BIM 

approach 

Evaluation 

Most of the analysed approaches use office buildings as 

building typology of their case study, while others use 

laboratory and research buildings (Hoxha et al., 2021), 

single-family homes (Weißenberger, 2016) or healthcare 

buildings (García-Sanz-Calcedo et al., 2021). 

Furthermore, only three approaches include early design 

phases in their methodology (Harter, Willenborg et al., 

2020; Stoiber, 2018; Weißenberger, 2016). Most of the 

others focus on detailed stages, while Hoxha et al. include 

both design phases (Hoxha et al., 2021). 

When addressing building services, we can distinguish 

between the subgroups of HVAC, electrical equipment 

and plumbing. While all approaches include HVAC in 

their scope, just three methods also include electrical 

equipment (Hoxha et al., 2021; Weißenberger, 2016; 

Ylmén et al., 2019) and four others include additionally 

also plumbing (Eberhardt et al., 2019; Fraunhofer IRB 

Verlag, 2010; Pohl, 2014; Theißen et al., 2020).  

As the buildings' service life mainly depends on the 

building typology and scope of LCA, most papers set it to 

50 years. Only the research project 6D BIM-Terminal 

assumes the whole building life to be 100 years (Figl et 

al., 2019). Considering module B4, most approaches took 

the replacement rate into account, mainly using the BNB 

data for construction elements (BNB, 2021) and the 

element service life for building services according to 

VDI 2067-1. Kiamli et al. included the replacement period 

of manufacturers and used the ASHRAE standard 

(Kiamili et al., 2020). Only Rodriguez et al. excluded the 

replacement periods in their approach (Rodriguez et al., 

2019). 

When analysing the considered environmental impact 

categories of the LCA, all approaches include Global 

Warming Potential (GWP), except Harter et al., who 

focus on the primary energy demand (Harter, Willenborg 

et al., 2020). Other approaches also include other impact 

categories such as Ozone Depletion Potential (ODP), 

Photochemical Creation Potential (POCP), Acidification 

Potential (ADP), Eutrophication Potential (EP) (Pohl, 

2014; Weißenberger, 2016; Ylmén et al., 2019) or more. 

Due to the fact that most research was carried out in 

central Europe, the most common data sources which 

were used in the analysed projects are Ökobaudat and 

Ecoinvent. Kiamli et al. additionally used KBOB, while 

Figl et al. included IBO Bauteilkatalog and Baubook and 

García-Sanz-Calcedo used BEDEC in their approach. 

As a BIM integration into the LCA calculation process of 

building services is still not commonly used, only three 

papers are found in the literature. Two of them even 

integrate an open BIM approach (Figl et al., 2019; 

Theißen et al., 2020), while the third implements the 

calculation in a closed BIM approach (Kiamili et al., 

2020). All three approaches consider a detailed design 

phase when usually BIM models include information 

about building services. Furthermore, one method 

includes early design phases but uses GIS models with the 

open CityGML exchange format instead of BIM (Harter, 

Willenborg et al., 2020). 

Conclusion 

As previously shown, there is no approach documented in 

the literature which is calculating the LCA of a building, 

including the building services in an early design phase 

based on BIM models. Nevertheless, the literature review 

using its classifications shows two main patterns in 

approaches, which scope: 

• Life Cycle Assessments including building services in 

early design phases (without BIM integration), as well 

as 

• Life Cycle Assessment including building services in 

detailed design phases based on a BIM integration. 

Therefore, a new approach will be introduced in the next 

section, which enables a holistic whole building LCA 

calculation, including building services already in early 

design phases based on an open BIM approach. As 

already mentioned, in the early design phases, there is not 

sufficient information about building services from the 

planners or even TBS models, there are several problems 

identified. One of them is that there is no dimensioning of 

HVAC systems available, making it hard to approximate 

the LCA results. Another problem is that generally, only 

a few LCA datasets are available for building services, 

making it more time-consuming to approximate the 

missing information with raw LCA data. 
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Proposed Methodology 

Top-Down vs. Bottom-Up 

While in this case, Top-Down approaches get their input 

from several previously assessed reference buildings, 

Bottom-up approaches are derived by a number of 

detailed materials and components. Figure 2 illustrates the 

Top-Down and the Bottom-Up approach, both of which 

have advantages and disadvantages. The Top-Down 

approach has been used predominantly in early design 

phases using benchmarks of previously conducted LCA. 

Chuchra et al. suggest a building service configurator for 

calculating LCA in different design phases, also based on 

Top-Down benchmarks on different system levels 

(buildings, functions, elements) (Chuchra et al., 2020). 

CIBSE recently published first benchmark results on 

element level in their project TM65.2 "Embodied carbon 

of HVAC systems in offices" (CIBSE Journal, 2021). 

In the Bottom-Up approach, the whole-building LCA 

calculation is conducted in detailed design phases. As 

discussed previously, Kiamli et al. as well as Theißen et 

al. have used this Bottom-Up approach for calculating 

LCA of HVAC systems based on BIM models (Kiamili et 

al., 2020; Theißen et al., 2020). Nevertheless, these high 

LODs are not available in the early design phases, when 

significant design decisions about building services are 

made. 

As already shown in section 2.3, Hollberg et al. call for 

benchmarks on element level but differentiate between 

different material choices (Hollberg et al., 2019). While 

they promote the "dual benchmark approach by 

combining Top-Down and Bottom-Up, they base their 

method on LCA benchmarking and focus on residential 

buildings but do not include building information models. 

Proposal for a mixed approach  

As previously discussed, the level of development of the 

individual domain-specific sub-models is often diverging. 

For example, an HVAC planner starts detailing the 

concept based on the architect's model. In this case, the 

LODs of the architectural and HVAC elements differ. For 

this reason, the Top-Down approach for LCA in early 

design phases is not working, as LODs are not consistent 

for all elements. Furthermore, the previously proposed 

concept of Building Development levels is relevant 

(Abualdenien and Borrmann, 2019). 

On the other hand, calculating a holistic LCA of HVAC 

in early design phases needs to consider the complexity of 

the domain knowledge. Dependencies between different 

design decisions are complex and cannot be simplified by 

benchmarking. For example, radiators and area heating 

systems are classified in the cost group "423 Space 

heating surfaces". Here, a benchmark based solely on the 

cost group would result in greater imprecision, as the 

material needs differ significantly between radiators and 

panel heating systems. Furthermore, space heating 

surfaces can be installed either in the floor, in the ceiling 

or in the walls. Another factor is the choice of material. 

Usually, multilayer composite pipes are used to transfer 

the heat to the room. However, this system can also be 

implemented, for example, with copper pipes. This 

illustrates the complexity of creating benchmarks for 

HVAC.  

For these reasons, we generally propose a mixed approach 

for early design phases. The missing details of each 

specific domain's elements are compensated with domain 

knowledge. These will be formalised in a knowledge 

database, as described in detail in section 4.3. Based on 

this database, a holistic whole-building LCA calculation 

based on materials and elements is enabled, as shown in 

Figure 3. 

 
Figure 3: Proposed Mixed approach in the early design phase 

Figure 2: Comparison of Top-Down and Bottom-Up approaches 
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Methodology  

In the early planning phases, no detailed information on 

materials, quantities or masses is available, so there are 

high uncertainties and low levels of information, making 

it difficult to perform an environmental assessment, 

especially for TBS. Therefore, a method is needed to 

make a whole-building LCA applicable based on the little 

information available (Figure 4). To make this possible, a 

hierarchical knowledge database serves as a basis. The 

database is based on benchmarks, and higher levels can be 

used instead of building product or material levels, which 

are only known in late planning phases.  

The benchmarks are based on the evaluation of finished 

building projects as well as on the derivation of climate 

policy goals. Regularities and repeating factors within a 

planning process are identified, which simplifies the 

derivation of benchmarks. Through a pre-assessed 

database structure, the different impacts between 

disciplines are considered, as illustrated in the example 

described earlier. For this purpose, the interfaces between 

the different disciplines within HVAC are investigated. 

Especially interdisciplinary aspects and the existing 

causalities between the individual disciplines are 

considered. For deriving the benchmarks, different 

dimensions (e.g. GWP or sound insulation requirements) 

are not weighted one-dimensionally but multi-

dimensionally. Thus, multidimensional benchmarks are 

applied here, which should enable a holistic analysis. This 

has the advantage that environmental data can be linked 

to less information available at an earlier stage in the 

planning process. For example, the type of use and area of 

a room are known quite early. In addition, this also allows 

conclusions to be drawn about the personnel functions and 

other basic requirements for the space, function and 

equipment needs of a room and the HVAC performance. 

This means that by providing a minimum amount of 

information, further information can be added 

consistently based on standards until a profile is created 

that can be linked to benchmarks.  

As a starting point, however, a BIM model of the 

architecture is required, in which design parameters are 

already available. Once the BIM model has been linked to 

the database, a filter can be used to minimise possibilities. 

For example, CO2 intensive designs can be excluded, or 

preferred system variants can be highlighted. In the 

subsequent step, the pre-dimensioning of the components 

takes place. This allows, for example, different pipe 

materials to be compared with each other. Without pipe 

dimensioning based on DIN 1988-300, a direct 

comparison can lead to falsified results since the internal 

diameter of a pipeline depends on several factors. Thus, 

the necessary pipe diameters and masses can differ 

depending on the material. After the rough dimensioning, 

the LCA of the HVAC variants can be carried out, 

followed by the selection of the preferred design. As a 

result, it becomes possible to perform LCA of variant 

comparisons through a minimum level of information that 

is available in a standardised way. With rudimentary 

building models, this procedure can be used to realise 

early whole-building LCA, including the building 

services within the framework of the open BIM method. 

Conclusions & Outlook  

This paper investigates the topic of LCA of technical 

building services in early design phases using the BIM 

methodology. First, the state of the art of the four interface 

topics showed the complexity of this research field. A 

structured literature review showed relevant approaches 

and their limitations in the next step. Based on these 

findings, a new methodology was proposed. 

Figure 4: Proposed Methodology for LCA of TBS in early design phases using  
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It can be generally found that there are little data for TBS 

available and if only of limited quality. Furthermore, there 

are no methods and tools available yet, considering LCA 

of TBS in the early design phases. The BIM method was 

identified to enable an automated and integrated 

approach. Current approaches, such as the one from 

DGNB with a simplification adding 20% of the 

construction impacts to consider the LCA of TBS, could 

be found as not sufficient and useful for variant analysis 

and optimisation of the LCA results in early design 

phases. Additionally, the benchmarking approach on 

building or German cost group levels was identified as 

insufficient either, so an integration of LCA profiles was 

suggested in the proposed methodology. 

As next steps, we are suggesting to further detail, 

prototypically implement and validate the proposed 

methodology by creating LCA profiles based on existing 

designs. Furthermore, an evaluation of the method with 

case studies is required. Finally the methodology will be 

extended for the briefing or demand planning phase 

according to (Forth et al., 2022) and connected to the 

approach of LCA for building construction by Forth et al. 

(Forth et al., 2021). 
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Abstract 
World population aging requires finding solutions to 
improve independent living options. Ambient Assisted 
Living (AAL) is making step forward developing services 
supporting the elderly, but the implementation of 
predictive environments is still far away. 
Besides, the emerging Digital Twin (DT) concept has 
begun to shape the first cognitive environments that 
integrate users into assessments, improving efficiency, 
prevention, and prediction of likely events through real-
time AI computing. 
This paper provides a prototype of a Cognitive Building 
framework based on DT models that develop high-level 
knowledge to achieve real-time Scenario Awareness and 
offer appropriate AAL services once anomalous scenarios 
are detected. 

Introduction 
The age span of elderly people is currently increasing, and 
this trend is going to last in the future. UN assessed the 
number of people aged 65 years or over were slightly 
more than 700 million in 2019, and this number is 
currently growing sharply. It is indeed projected to double 
by 2050, reaching 1.5 million people (United Nations, 
2020a) (United Nations, 2020b). The impact of the aging 
population has direct consequences on the elderly 
lifestyles. The increase in number of people aged over 65 
directly affects the share of the population suffering from 
cognitive disorders. The occurrence of such mental 
diseases makes the elderly in need of assistance owing to 
loss of autonomy (Berryhill, et al., 2012). Enhancing 
autonomy regardless of an elderly person’s level of 
capacity can be achieved through a range of processes, 
including advanced care planning, supported decision-
making and access to appropriate assistive devices (World 
Health Organization, 2017). 
AAL is developing products and technological services as 
solutions to foster the environments inhabited by older 
people, leveraging state-of-the-art technologies (Dobre, et 
al., 2017). Nevertheless, these solutions are far from 
predictive environments as intended by the AAL policies 
declared in (World Health Organization, Regional Office 
for Europe, 2017). Whereas a plethora of products that 

help users achieve specific objectives is available, there is 
a lack of comprehensive building-level solutions. 
DTs represents an opportunity to accomplish AAL 
policies. To that end, this paper provides prototypes of DT 
models to automatically detect anomalies within an AAL 
context and offer support to the user in case of need. 

Background 

Ambient Assisted Living 
AAL is defined in (Dobre, et al., 2017) as “an emerging 
multi-disciplinary field at the intersection between 
information and communication technologies, 
sociological sciences, medical research, that aims to 
develop personal healthcare and telehealth systems for 
countering the effects of growing elderly population”. 
The home environment can have a significant influence 
on AAL’s purposes. It provides a range of resources or 
barriers that will ultimately decide whether older people 
can engage in activities that matter to them. Developing 
or maintaining the functional ability pursuing Activities 
of Daily Living (ADLs) enables autonomous well-being 
in older ages. In this regard, some of the main objectives 
of AAL are encouraging, supporting, and easing the 
elderly in their ADLs. Currently, AAL products that 
support the elderly’s autonomy include assistive robots, 
smart home applications, smart wheelchairs, and 
interactive applications for social inclusion and 
communication (Li, et al., 2015). Those tend to define 
age-friendly environments which intrinsically help users 
supporting their ADLs. Nevertheless, WHO's prospects 
for achieving context-aware environments seem distant 
(World Health Organization, Regional Office for Europe, 
2017). Innovation in construction by means of DTs could 
narrow the gap. 

Digital Twin in Ambient Assisted Living 
A number of DTs have already begun to appear within the 
built environment, serving a variety of purposes 
depending on domains (Sharma, et al., 2020) (Opoku, et 
al., 2021) (Liu, et al., 2021). A building-level DT is a tool 
that can enhance efficiency, prevention, and prediction of 
likely events during the whole building’s life cycle. The 
DT’s concept lies on data-driven frameworks. It goes 
beyond the common concept of Smart Buildings, defining 
cognitive and responsive environments that are called 
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Cognitive Buildings (CBs) (Yitmen, et al., 2021). Those 
consider both the environment and its users processing 
real-time information to offer tailored services. 
The growing interest in the AAL domain has enabled the 
development of state-of-the-art CB systems for human-
centered home environments (De Paola, et al., 2017) 
(Rafferty, et al., 2017) (Calderita, et al., 2020) (Patel & 
Shah, 2020). Those are able to learn at scale, reason with 
purpose and co-operate with users in a natural way. They 
learn and reason from the interactions with both the users 
and the environments where they are deployed, evolving 
with them, and running “What if?” scenarios for 
predicting anomalies and behaviors. Although the aims of 
DTs in AAL can vary widely, one of the most crucial tasks 
is detecting ADLs, and consequently 
anomalous/dangerous activities. Usually, these systems 
monitor the users employing different types of 
components such as IoT devices or other sensors. Those 
basically make feasible a collection of data that are further 
processed through Artificial Intelligence (AI) models to 
extract both environmental features and user’s behaviors 
and conditions. Advanced systems deploy multi-modal 
sensors (e.g., sensors that define time patterns combined 
with accelerometers), whereas others are based only on 
just one kind of signal (e.g., accelerometers). 
Nevertheless, the use of visual sensors (e.g., cameras or 
LiDAR) in this field has only recently emerged due to the 
progress of technologies such as Convolutional Neural 
Networks (CNN) that facilitate the computation of visual 
data. 
Prototyping a CB supporting AAL environments means 
developing a system that can cope with complexity, 
randomness, and uncertainty in real-time: understanding 
the unpredictable nature of the intentions of a person 
suffering from cognitive disorders to offer proper support 
first requires knowing (mirroring) the interactions with 
the elements in the context, the activities undertaken, the 
habits and feelings, and if everything matches what he or 
she is actually saying or doing. Accordingly, the 
following methodology is meant to define a layered 
system consisting of multiple intelligent agents that 
contributes to outlining the required functionalities: 
● Data acquisition through visual and non-visual 

sensors. 
● Integrated real-time scenario representation that 

combines information from multiple domains. 
● Recognition of the activities performed by the user. 
● Situation and scenario awareness (i.e., 

contextualization of basic information). 
● System-user bidirectional interaction. 

Methodology 

Real-time 3D Representation 
Digital Twins mirror real environments creating virtual 
instances of the asset and the user. Thus, a consistent 
representation of the context cannot be defined by 
building elements only. For this reason, Building 
Information Modeling (BIM) is combined with a real-

time user representation within a real-time programmable 
platform (Unity). 
Firstly, BIM represents a reliable basis for a building-
level DT as it provides a detailed description of the 
building elements and may become essential as the 
purposes of the DT will eventually expand. BIM objects 
can also be associated with dynamic features (e.g., 
appliance On/Off states, environmental temperature, and 
so forth). 
Secondly, the user virtual representation is synthesized 
through its posture, which is typically referred to as 
Skeleton. The real-time Skeleton of the user is generated 
by a Skeleton tracking algorithm (Nuitrack AI) that 
processes 3D information that comes from a LiDAR 
camera (Intel RealSense L515). Since the Skeleton does 
not define a complete semantic of the user, other 
information such as the activities that he or she performs 
need to be extrapolated. 

Activity Recognition 
There are two main approaches for Activity Recognition 
(AR), namely data-driven and knowledge-driven 
(Rafferty, et al., 2017). The first approach consists in 
exploiting datasets to learn models of daily activities 
through probabilistic and statistical methods (e.g., 
implicit data mining models such as Artificial Neural 
Networks). Data-driven models enable the modeling of 
uncertainty but require suitable datasets. On the contrary, 
the second approach is based on domain knowledge, 
which is an intuitive record learned through people’s 
experiences, and deductive heuristics as the foundations 
to produce activity models (e.g., logic-based and 
ontological approaches). Knowledge-driven models do 
not rely on datasets but cannot deal with uncertainty. 
Since an extensive sampling of data concerning the 
recognition of activities performed by individuals is 
available nowadays, a data-driven approach is followed 
by means of a Neural Network (NN) model. Nevertheless, 
it is essential to make a distinction between two types of 
activities that the user might undertake: 
● Activities that produce a visible effect when they are 

completed (e.g., wearing a jacket). 
● Activities that do not produce a visible effect when 

they are completed (e.g., drop something). 
While the first kind of activities might also be detected by 
Object Recognition NN models, the second kind of 
activities is more difficult to classify without training the 
NNs on human activity datasets.  
The MS-G3D model, developed in (Liu, et al., 2020) is 
integrated in the presented system. It is based on the 
Spatial-Temporal Graph Convolutional Networks (ST-
GCNs) proposed in (Yan, et al., 2018) and on the Two-
Stream Adaptive Graph Convolutional Network (2s-
AGCN) proposed in (Shi, et al., 2019). This kind of NN 
models does not rely on RGB images or videos, as the 
earlier CNN models did, but consider the joints of the 
Skeleton as graphs, exploiting their 3D coordinates. This 
allows for light-weight models. To sum up, the MS-G3D 
model is selected for the following reasons: 
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● Pre-trained on human activity datasets 
● Exploits 3D Skeleton information 
● Light-weight system 
● Outperforms existing methods for AR by a sizable 

margin on the three most common large-scale 
datasets 

Scenario Awareness 
Information about the user’s location, posture, activity, 
and behavior and BIM data define a low-level knowledge 
on the real asset of its virtual counterpart. Therefore, low-
level information needs to be contextualized to develop a 
higher level of knowledge reaching an awareness of what 
is happening within the environment in real-time. This 
could be achieved formalizing a model that is referred to 
as Reasoner. Its requirements are the following: 
● Scalability, the Reasoner must adapt to real-world 

environments where conditions and constraints may 
vary. 

● Accessibility, the Reasoner and its parts have to be 
open and accessible. Implicit models would not be 
suitable for this role. 

● Reusability, although situations (homes, 
environments, and users) may be different and may 
change depending on numerous variables, AAL 
scenarios all have similar aspects. Therefore, the 
model must have the capability to adapt to other 
scenarios without dramatic modifications. 

This task could be carried out by following at least two 
different approaches: 

1. Rule-based 
2. Probabilistic 

The first approach uses rule-based algorithms that could 
be written depending on the services needed. Rules are 
usually if, else conditions. A rule-based reasoner has been 
proposed in (De Paola, et al., 2017). Their module is fed 
with the output of an AR module (in that case, the 
detection of the activities is performed by a Bayesian 
Network) and takes basic decisions such as turning the 
heating/cooling system On or Off and recognizes some 
health anomalies. Although rules concerning anomalies 
could be found, they are not always easy to express. 
Moreover, when considering an elderly person suffering 
from cognitive disorder, defining strict or complex rules 
may become extremely challenging. The scalability and 
reusability requirements would not be met. For these 
reasons, the second approach seems to be the most 
effective. A probabilistic model is based on conditional 
probabilities that an event may occur depending on 
evidence or other variables. 
In this work a Bayesian Network (BN) is formalized to act 
as the Reasoner of the system. BNs are probabilistic 
graphical models that represent a set of variables and their 
conditional dependencies via a directed acyclic graph. 
Expert knowledge could be elicited in Conditional 
Probability Tables (CPTs) of the nodes that represent the 
events. BNs are ideal for taking an event that occurred and 
predicting the likelihood that any one of several possible 
known causes was the contributing factor (De Grassi, et 

al., 2009). In our case, BNs should be able to infer 
different types of anomalies: 
● Anomalies that define wasteful situations (e.g., 

window open while heating system is on). 
● Anomalies that derive from senseless behaviors (e.g., 

skipping meals). 
● Anomalies that define dangerous situations (e.g., 

something dropped on the ground). 
● Emergencies (e.g., falls). 

System-user bidirectional interaction 
Since the system aims at supporting the user ADLs, it 
should be equipped with a range of applications to deliver 
appropriate services. Hence, a Dialog System that allows 
a bidirectional vocal interaction between the system and 
the user is implemented. 
The conversational agent is built exploiting a Flow-Based 
Programming (FBP) tool. FBP is a programming 
paradigm that shapes applications as networks of black 
box processes, that exchange data across predefined 
relations by message passing, Relations are specified 
externally to the processes. These black box processes can 
be rewired endlessly to form different applications 
without having to be modified internally. 
Node-RED is a FBP tool that allows users to create 
applications by manipulating program elements (black 
boxes) graphically rather than by specifying them 
textually. Node-RED enables hardware devices, 
Application Programming Interfaces (APIs) and online 
services to be wired together within a browser-based 
editor. Thus, this platform can also bridge the gap 
between the Reasoner and the services that the system 
provides. Applications can be built by dragging nodes 
from palettes into a workspace and wiring them together. 
Then, the application can be deployed. The palette of 
nodes can be easily extended by installing new nodes 
created by the community.  

System Architecture 
Firstly, the requirements the system should meet are 
defined: 
● Modularity, system’s agents should be modifiable or 

replaceable to allow the integration of models that 
could be more appropriate to the intended purpose. 

● Flexibility, it regards the system capability to adapt to 
the user and learn over time the changing habits to act 
accordingly. 

● Non-intrusiveness, systems that imply monitoring the 
subject is generally not easily accepted by the 
individual. The awareness of being observed is 
perceived as a discomfort. For this reason, it is 
essential for the system’s components to be as less 
intrusive as possible. Hence, it is very important not 
to interfere too much with the user's ADLs: 
interactions should not be perceived as invasive. 

● Affordability, low-cost is a key requirement whether 
the system is deployed in a private home or in a 
healthcare structure. 
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Then, the system architecture of our prototype is outlined 
following the guidelines stated in (Lu, et al., 2020), which 
defines the structure of a building-level DT. Thus, the 
presented model consists of five layers, namely Data 
Acquisition Layer, Transmission Layer, Digital 
Modelling Layer, Data/Model Integration Layer and 
Service Layer. Its pipeline defines a system able to 
autonomously perform high-level reasoning to detect 
anomalies in daily scenarios and consequently offer 
support to the user. Figure 1 shows the architecture of the 
proposed system. 

Data Acquisition and Digital Modelling Layers 
Data Acquisition and Digital Modelling layers hold the 
computation used to manage the 3D real-time 
representation of the context. A virtual scenario is created. 
It contains both the home environment, described by BIM 
data, and the avatar of the user, built upon its Skeleton. 
Adjustments are required within the real-time integration 
platform. 
A first level of filtering is applied to the confidence of the 
Skeleton joint’s data. Some joints may have low 
confidence values, meaning that they are not extremely 
reliable. Non-natural joint positions would lead to 
distortions of the avatar and bias. Thus, a confidence 
threshold is introduced with a value of 10%. Less 
confident joints are discarded.A second level of filtering 
is implemented to enhance the Skeleton stabilization, 
based on the following autoregressive filter: 

𝑋("#$) = (1 − 𝑎) ∙ 𝑋(") + 𝑎 ∙ 𝑋("#$)&'( 															(1) 

where 𝑋("#$) is the processed data at the time (𝑡 + 1), 𝑋(") 
is the processed data at the time (𝑡), 𝑎 is a corrective 
factor with a value that ranges between 0 and 1, and 𝑋("#$)&'(  
is the raw value of the data at the time (𝑡 + 1). This filter 
is applied to three features of the avatar: height, joint 
position, and joint orientation. Since 𝑎 is close to 0, the 
value at the time (𝑡 + 1) is close to the value at the time 
(𝑡), defining more consistent and natural movements, 
without the ambiguities the avatar had before. Cleaner 
avatar’s movements result in cleaner output data that will 
consequently feed the NN model. 
Besides, since the system includes the MS-G3D model, 
which is pre-trained on the NTU RGB+D dataset 
(Shahroudy, et al., 2016), the avatar joints are remapped 
as the Kinect v2 Skeleton (used to build the NTU dataset). 

Then, the Feature Vector is exported, expressed as a 
spatial-temporal tensor 𝐗	 ∈ 	ℝ)×+×,. 𝐗 is the input to the 
MS-G3D model and includes the number of joints (𝑁) and 
their relative coordinates (𝐶) throughout the time (𝑇). 
 

Algorithm 1 Skeleton stabilization 
Input: Joints data from the skeleton tracking algorithm 
Output: Stabilized avatar 
1: Find Skeleton, define weights and threshold: 
2: 

 
float a = 0.02f; 

3: 
4: 

 
float t = 0.2f; 
float threshold = 0.1f; 

5: 
6: 

if confidence ≥ threshold then 
Get avatar joint: avatarJoint = joint.Value; 

7: 
 

Find height: differences of joint’s z-values    
Apply filter to height: 

8: 
 

height = (1-a) * height + a * newHeight;   
Scale avatar to match human height: 

9: 
  

targetGameObject.transform.localScale = 
new Vector3(height/1.80f, height/1.80f, 
height/1.80f);   

Calculate the model position: 
10: 

  
Vector3 rootPos = Quaternion.Euler(0f, 180f, 
0f) * (0.001f * 
skeleton.GetJoint(rootJoint).ToVector3());   

Apply filter to position: 
11: 

  
transform.position = (1-t) * 
transform.position + t * rootPos;   

Calculate the model bone rotation: 
12: 

  
Quaternion jointOrient = 
Quaternion.Inverse(CalibrationInfo.SensorOr
ientation) * 
(jointNuitrack.ToQuaternionMirrored()) * 
avatarJoint.baseRotOffset;   

Apply rotation to bone based on the detected 
skeleton: 

13: 
  

avatarJoint.bone.rotation = 
Quaternion.Slerp(avatarJoint.bone.rotation, 
jointOrient, t);  

14: end if 
 

Data/Model Integration Layer 
Data/Model Integration Layer is responsible for analyzing 
and processing the data, collected and fixed by the 
previous layers. Hence, its accuracy influences the 

Figure 1: System architecture. Arrows indicate data flow (Transmission Layer). 
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effectiveness of the decision-making process. This layer 
consists of three intelligent agents that can detect the 
activities performed by the user, reason on the current 
scenario to detect anomalies, and act accordingly to 
support the individual. 

Reasoner 
This unit is formalized as an Object-Oriented Bayesian 
Network (OOBN) (Figure 2), composed in turn of four 
deductive OOBN modules that aims at detecting the 
anomalies previously described: 

1. Nonsense and dangerous scenarios detector 
2. Behavioral changes detector 
3. Environmental comfort module 
4. Emergency module 

Firstly, the followed approach considers general 
symptoms that could lead to anomalous scenarios such as 
confusion, depression, loss of memory, emotional distress 
and difficulty paying attention (Berryhill, et al., 2012) 
(Dillon, et al., 2013) (scie.org, 2020). Then, a new 
semantic regarding probable events, situations, scenarios, 
and anomalies in AAL environments is built to formalize 

Figure 2: The Reasoner consists in an Object-Oriented Bayesian Network, decomposed in turn into four underlying OOBN modules. 
Zooming in shows the Nonsense and Dangerous Scenarios Detector module and the CPT of the “FeelingCold” situation node. 

Dashed gray edged nodes represent input nodes. Solid gray edged nodes represent output nodes. 
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the networks. Evidence is captured by sensors (turning 
on/off appliances, indoor/outdoor temperature, 
open/closed window, and so forth). Similarly, AR model 
results and voice interactions between user and system are 
considered evidence as well. Situations are combinations 
of evidence and represent feelings, behaviors, events, or 
intentions (feeling hot/cold, getting dressed, something on 
the ground, leaving home, and so forth). By associating 
and combining available evidence and recognizable 
situations, probable scenarios are theorized as the 
anomalies that may occur. Anomalous scenarios therefore 
include time disorientation, organizational problems, 
indifference to the environment, getting easily 
overwhelmed, mishandling appliances, changes in eating 
patterns. 
This approach allows the contextualization of low-level 
information defining an explicit model.  

Dialog System 
The Data/Model Integration Layer includes an 
Automation HUB, based on Node-RED, that can integrate 
applications to offer appropriate support to the user. Since 
it is responsible for communications among different 
components of the system, this module could also be 
defined as a Broker of Messages. 
In this paper, a Dialog System is implemented as one of 
the possible supportive applications. Services that rely on 
Machine Learning methods are integrated to establish a 
Dialog System whereby bidirectional interactions 
between the user and the cognitive layer of the building 
can be performed (Figure 3). Specifically, the IBM 
Watson palette of nodes is exploited. It offers Speech-To-
Text (STT) and Text-To-Speech (TTS). 
 

 
Figure 3: Interactions between the Reasoner and the Broker of 

Messages. 

System Implementation 
Virtual Environment Development 
The combination between BIM and Skeleton information 
allows achieving a reliable real-time virtual 
representation of the physical asset which is shown in 
Figure 4. 
BIM data from a home environment are converted to 
Industry Foundation Classes (IFC) format using Autodesk 
Revit. Importing IFC files into the Unity game engine 
recognizes all BIM objects as Prefabs. Prefabs preserve 
information from BIM objects. Working with physics 
engines, Unity allows additional properties to be assigned 
to Prefabs, achieving greater realism and consistency. 
Accordingly, mesh collider attributes is applied to 

tangible components to avoid inconsistencies with the 
avatar. Additionally, dynamic features can be added to 
Prefabs to include real-time sensor readings related to 
BIM objects. In this regard, activation, proximity, and 
environmental sensors are considered in this work to 
collect information respectively about the appliances 
(oven, stove, and fridge) and kitchen sink, the entrance 
door and a window, and the environment (indoor and 
outdoor temperatures). 
Regarding the Skeleton testing, the LiDAR camera is 
placed at a height of 1 meter and leveled horizontally. The 
tests show that the distance between the user and the 
camera should be unobstructed and not exceed 5 meters 
to obtain consistent results. 
 

 
Figure 4: Results of the real-time 3D representation of the 

context build upon BIM data and the Skeleton.  

Reasoner prediction 
To evaluate the effectiveness of the Object-Oriented 
Bayesian Networks developed in this work, the node’s 
CPTs are filled eliciting the knowledge of the authors. 
Figure 2 shows the CPT relative to the “FeelingCold” 
situation node. Besides, probability tables regarding input 
nodes are left unspecified since the network is not fed with 
data retrieved from a real-world environment. Thus, their 
relative tables are filled with total uncertainty values (i.e., 
50%). Then, possible combinations of evidence are set up 
by manually activating input nodes. This helps 
demonstrate the consistency of the different decisions 
taken by each OOBN module. It is worth noting that the 
anomalous scenarios this work proposes do not depend on 
the types of room. These considerations are left for future 
developments. Accordingly, the Door and Window 
evidence nodes are related to sensors respectively applied 
to the entrance door and the living room. Following the 

Page 470 of 605



provision of evidence in the modules, the expected 
consequences achieve high percentage values meaning 
that predictable anomalies within the scenario are fully 
recognized. 
Figure 5 shows an example of anomaly detection within 
the Nonsense and Dangerous Scenario Detector. Four 
input nodes are manually set up to represent a scenario 
where the user is barefoot, not wearing a jacket and hat, 
and is opening the door. Specifically, the ShoeOn, CapOn, 
and JacketOn input nodes are set up to false (activities 
recognizable through the AR model), while the 
DoorSensor input node is set up to open. The user is not 
preparing to leave (98,90% false) but is actually leaving 
home (90,09% true). The “Leaving Home Anomalies” 
output node detects a likelihood of 87,34% that the user is 
leaving undressed. 
 

 
Figure 5: Detected anomaly within the Nonsense and 

Dangerous Scenario Detector. 
 

 
Figure 6: Detected anomaly within the Environmental Comfort 

Module. 

Figure 6 shows an example of anomaly detection through 
the Environmental Comfort Module. This setup 
represents a scenario where the outdoor temperature (set 

to a range of 30 to 40°C) is higher than the indoor 
temperature (set to a range of 20 to 30°C), the user is 
feeling hot, and the window is open. Note that since the 
BN is Object-Oriented, the activation of the “FeelingHot” 
node, that belongs to situation nodes, is triggered by the 
activation of input nodes into other modules of the 
network (e.g., vocal interaction, undressing activities, and 
so forth). The module recognizes the window anomaly 
(93,15%) and suggests closing the window to avoid waste 
instead of turning on the cooling system. 

System-user interaction implementation 
The prototype of Dialog System is built upon the STT and 
TTS processes (Figure 7). On the one hand, STT process 
starts by recording the user’s speech through a 
microphone, integrated in the editor through the 
microphone node. Here, Hot Phrases (HP) are not 
required (HP are those typically used to trigger common 
Dialog Systems such as Alexa and Google Assistant). Is 
essential not to have HP since the user may forget them 
due to cognitive impairments. Then, the record is sent to 
the IBM’s Watson STT service that processes the input 
data returning a transcription of the speech. Finally, the 
transcription is shown in the Node-Red’s debug tab. 
On the other hand, TTS process is automatically triggered 
by the system depending on the output of the Reasoner. 
Tailored messages can be played depending on the needs 
of the user. These written messages are converted through 
the IBM’s Watson TTS service. Finally, the converted 
speech is played by the integrated speakers. 
 

 
Figure 7: SST and TTS processes within the Node-RED editor. 

Conclusion 
The focus of this work lies in developing a CB system that 
supports AAL. Since the number of the elderly and, 
consequently, geriatric diseases such as cognitive 
disorders are increasing, a building-level DT in AAL 
scenarios offers solutions to support people in their older 
age. The end goal of the system is improving the quality 
of life of elder people, by preserving their autonomy 
whilst ensuring their safety. The grounded multi-agent 
system architecture defines a model able to autonomously 
perform real-time high-level reasoning, that allows the 
detection of anomalies in daily scenarios, and 
consequently offers support to the user. The strength of 
this architecture lies in the development of knowledge: 
from raw data captured by multi-modal sensors (visual 
and non-visual) and their real-time 3D representation into 
the virtual counterpart, to high-level reasoning and 
decision-making as anomalies are detected. At the lower 
level, AR is performed using NN that exploits 3D data 
deriving from the pre-processed real-time 3D 
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representation of the user. At the higher level, the OOBN 
can recognize wasteful, nonsense or dangerous behaviors, 
environmental discomfort, changes in behavioral patterns, 
and serious medical situations or events, and thus trigger 
specific services. Bidirectional vocal interaction with the 
individual is carried out through the Dialog System 
implemented into the Automation Hub agent based on 
Node-RED. The system accessibility and flexibility 
enables integrated tools and modules to be either fine-
tuned or extended in future stages. 
We also consider a number of improvements, which can 
be addressed as the future work of this study: 
● Implementing the MS-G3D model. 
● Learn the OOBN modules through data collected 

from a real AAL environment. 
● Fully testing the whole pipeline in an end-to-end 

manner. 
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Abstract 

Digital building logbooks (DBLs), as repositories of 

building lifecycle data, can contribute to improving the 

performance of and decisions about buildings. However, 

for DBL concept, its required data and the roles of various 

stakeholders. These are all aspects that need to be 

investigated. We thus propose a process-based DBL 

framework integrating data and stakeholder roles. This 

fulfils key DBL requirements and supports digitalisation 

of building objects. The research uses a literature review, 

process mapping, and a focus group to develop and 

validate the framework. This proposal contributes to the 

priority actions 1 and 2 of the European Commission’s 

DBL report. 

Introduction 

Data is regularly collected over the lifespan of a building 

by various stakeholders and for a variety of decisions that 

rely on data availability. However, this is challenged by 

the lack of an established approach that provides the 

structure for the stakeholders to benefit from this wealth 

of data. Building Information Modelling (BIM) has been 

central to digitalisation of processes within the 

construction industry (Sacks et al., 2018). BIM standards 

to provide common definitions and processes for 

information management (as is the case with ISO 19650 

standard series) are being developed. According to ISO 

19650-1 (2018), BIM refers to the use of a shared digital 

representation of a built asset to facilitate design, 

construction, and operation processes to form a reliable 

basis for decisions. Within a BIM process, information is 

retrievable from within a file, system, or application 

storage hierarchy, as an information container. These 

concepts are very pertinent to the DBL as they enable, for 

instance, the handover of relevant data about a building to 

its use phase.  

More recently, the concept of digital twins (DT) has been 

proposed as a new technology-led advancement to 

support the data-centric decisions across a built asset 

lifecycle (Shahzad et al., 2022), despite communalities 

and difference between BIM and DT are not fully 

understood (Douglas et al., 2021). A digital twin (DT) 

integrates data from a variety of sources and systems 

(systems of systems, SoS) (Borth et al., 2019) and can be 

represented into multi-domain ontologies (multi-layers) 

(Al-Ali et al., 2020). Although DT applications remain 

scattered throughout the construction industry, the 

Internet of Things (IoT) that supports them can be linked 

to the building data within BIM (Zhang et al., 2022). DT 

requires a physical element and its digital counterpart – 

where the knowledge of an as-built artifact’s properties is 

recorded and updated (e.g., through BIM information 

containers) (Deng et al., 2021).      

Digital, interoperable, and traceable data is key for the 

DBL. Indeed, according to the European Commission 

(EC, 2021), the DBL is conceived as a common building 

data repository, facilitating transparency, trust, decision-

making, and information-sharing among owners, users, 

financial institutions, and public authorities. As a result, 

DBL is likely to act as a receiver of BIM information and 

an enabler of DTs by setting a structure for all the data 

required for the digital counterpart (Mêda et al., 2021). 

However, to date, we lack a clear conceptualisation of 

DBL’s that clarifies its processes, data requirements, 

relationships with other systems and stakeholders’ 

interactions. This paper contributes to this gap by 

proposing a process-based DBL framework approach.  

We build upon previous research on a digital data-driven 

construction framework supported by “digital” Data 

Templates (meaning ISO 23387 compliant) and DBL 

(Mêda et al., 2021), and we focus on the DBL business 

processes and their mapping using Business Process 

Modeling Notation (BPMN) flowcharts (Muehlen & 

Recker, 2013). The proposed framework can support the 

DBLs’ function according to priority actions 1 

(developing a standardised approach and legal framework 

for data collection, management, and interoperability) and 

2 (developing guidelines for linking existing databases) in 

the final DBL report by EC (2021), by clarifying key DBL 

components, layers, functionalities, and services – i.e., 

project outcomes, relevant processes, inherent relations, 

interactions, and business rules. 

The remainder of the paper is organised as follows: first, 

the research methods used to develop and evaluate the 

DBL framework are explained. Second, the literature 

review, focused primarily on DBL state-of-art, is 

presented. Third, the DBL BPMN process maps are 

illustrated and explained. This is followed by their 

validation in a focus group. Finally, the paper concludes 

with a discussion and some final remarks, including the 

study’s limitations and recommendations for future work. 

Research methods 

The research involved a literature review search, an 

empirical analysis through business process mapping, and 

the synthesis of the results from the two aforesaid 

methods. 
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The literature review was centred on key concepts such as 

“DTs in construction” and “DBLs” while allowing the 

identified set of studies to be extended to cover additional 

concepts until no new concepts relevant to the search 

terms could be found (Webster and Watson 2002). To 

ensure relevance of identified studies, the search terms 

included also concepts such as “level of information need 

(LOIN)” and “process framework”. To further ensure that 

the selected set of studies is not too narrow and is 

representative of the body of knowledge in this area 

(MacLure 2005), “snowballing” and references-of-

references techniques (Greenhalgh and Peacock 2005) 

were adopted. 

The review timespan was between 2016, when early 

studies featuring the searched concepts started to appear, 

and 2022. Databases with relevant content were tested 

using the search terms, and these included Elsevier, 

Taylor & Francis Online, Google Scholar, 

WorldWideScience, and Scopus. The initial search results 

identified a few thousands of papers. After applying 

relevant filters, Boolean operators and exclusion criteria 

(Dundar and Fleeman 2017), the resultant set of studied 

included was reduced to the ones featuring in this paper. 

For the empirical analysis, the BPMN-based DBL 

process-based flowchart was designed using the Draw.io 

software. Then, it was validated by both a focus group 

session (Knodel, 1993) held with six experts (two project 

owners, two Construction Management Researchers, a 

process mapping expert, and a disaster management 

(Disaster Man.) expert), and the authors’ own input 

through cycles of “Author-Reader” evaluation method 

that can ensure the correctness of the process maps 

(Kassem et al., 2014). The focus group objective was to 

capture the relevant knowledge from the selected experts 

in relation to the DBL framework, and discuss both the 

holistic approach adopted to develop the framework as 

well as the processes related to specific experts’ domains. 

Table 1 identifies the domains and experience (years) of 

the focus group participants. 

 
Table 1: Focus group participants 

 

 

The synthesis of the review results and the empirical 

analysis followed an abductive reasoning approach 

through which observations and critical insights are 

developed by working iteratively between the theoretical 

constructs and data (Bell et al. 2019). 

Literature review 

As a concept DBLs can be contextually linked to earlier 

studies focusing on requirements for collaboration and 

transformation of data into knowledge (Stillerman et al., 

2016), and to more current construction-specific efforts 

relating to data management through various digital 

technologies (e.g., BIM and DTs in Boje et al., 2020; and 

blockchain in Xu et al., 2022). However, a direct 

conceptualisation of DBLs was not proposed until early 

2021 when the European Commission (EC) issues its 

report on DBLs (European Commission, 2021). 

This EC report sets the definition of DBLs as presented in 

the Introduction of this paper and identifies several 

relevant initiatives in different countries. However, those 

do not fully address DBL implementation and do not even 

adopt the “DBL” term. Instead, they adopt terms such as 

building passport, electronic building ID, home report, 

homebook or home information pack (European 

Commission, 2021). 

As part of the EC report (2021), a survey was developed 

on DBLs’ data collection needs and potential services. 

One of the survey’s questions - (“What type of data do 

you think should be collected in the Digital Building 

Logbook?” - is highly relevant to the current paper. Of the 

18 data fields serving as potential answers to the question, 

“Building descriptions and characteristics”, “Design and 

plans of the building” (during handover and following 

interventions), “Energy performance certificate”, and 

“Ownership information”, were classified as “Very 

Important”. Moreover, “Taxation information linked to 

property”, and “Dynamic data (smart meters, sensors 

etc.)”, were classified as “Somewhat important”. 

Within the same year continuing into 2022, several 

studies focusing explicitly on DBLs became available. 

These studies have mostly explored the potential of DBLs 

in specific applications. Kuiper (2021) suggested the DBL 

described by the EC (2021) as an example of an 

international BIM-related standard that could be adapted 

to the Australian context. Sesana et al. (2021) explored its 

application in the deep-energy renovation of non-

residential buildings. Armijo et al. (2021) and Daniotti et 

al. (2021) investigated the digitalization of renovation 

processes in residential blocks. Signorini et al. (2021) 

investigated the renovation topic again, but from the 

perspective of the service companies’ needs and 

requirements, while Villarejo et al. (2021) focused on the 

issuing of building renovation passports. Gonçalves et al. 

(2021) disclosed the minimum DBL data requirements in 

order to perform large scale fire risk analyses. Finally, 

Lotz et al. (2022) adopted a value chain perspective to 

investigate the ways the DBL could be used for circularity 

in the building and battery manufacturing sectors. 

Focussing on the ‘Golden Thread of Information’, as the 

UK’s corresponding concept to the DBL, Watson et al. 

(2019a) developed key concepts including a 

comprehensive definition and a framework defining 

information traceability and traceable unit of information 

across the lifecycle. This work was subsequently applied 

into key use cases related to product recall within the 
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construction industry (Watson et al., 2019b) and 

automation of maintenance and repair activities through 

blockchain and smart contracts (Li et al., 2020). 

Mêda et al. (2021) extended the DBL concept by linking 

it to DTs. After noting their literature review insights that 

DTs in construction have mostly been linked to IoT, smart 

buildings, and smart cities, Mêda et al. (2021) evidenced 

that DBLs can be enablers for DTs, by providing 

background data collected from BIM, IoT or other 

databases. DBLs and data about building operation, 

collected from IoT and structured within BIM, were 

identified as necessary parts of an incrementally 

developed DT (Mêda et al., 2021). 

DBL BPMN framework: development and 

analysis 

To act as a repository of building lifecycle data that can 

be used to improve the performance of and decisions 

about buildings, it is key that DBL data can be relevant 

and trusted. Given its whole lifecycle coverage, a DBL 

starts by compiling the building location related data (e.g., 

coordinates, land registry, and related finances). This data 

should then be systematically fitted in an information 

layer base. The DBL should then be constantly updated 

and progressively built over the building’s lifecycle, by 

collecting new data or replacing previous data due to 

interactions, interventions, gateways, and other events – 

especially from a DT perspective. As such, there are many 

processes that must be detailed to allow further data 

collection and management, as well as the identification 

of interactions. 

The DBL’s BPMN diagrams that is hereby developed 

aims to provide a standardised approach for data 

collection, management, and interoperability, linking 

existing databases (priority action 1 and 2 in EC’s 2021 

Report) and revealing key DBL components, layers, 

functionalities, and services (i.e., project outcomes, 

relevant processes, inherent relations, interactions, and 

business rules). 

The diagram is structured according to three main stages 

of the RIBA (2020) plan of work: “Strategic Definition” 

corresponds to the early phase in which the DBL will be 

initiated; “Design and Construction” results from the 

merging of the design and construction phases (as they are 

strongly interconnected, especially in design-build 

contracts); and “Use” corresponds to the operation and 

maintenance phase, where a prospective DT can be 

materialised. 

The three stages are illustrated in Figs. 2, 3, and 4 and 

each is explained in a dedicated subsection. The adopted 

BPMN symbology is shown in Fig. 1. The overall 

flowchart was structured using the bending snake strategy 

(Lübke et al., 2021). 

Strategic Definition (Fig. 2, see next page) 

As DBL is initiated at the early Strategic Definition, 

“Deploy DBL” is the first activity led by the project 

owner. The purpose of this task is to identify data objects 

relevant to the project including DBL frameworks, 

guidelines, and tools. The task involves manual data 

collection and leads to the selection of the most suitable 

options for the project. 

 

Figure 1: DBL BPMN framework symbology 

Depending on the project and owner types, the 

intervention of other stakeholders can differ. “Consolidate 

Available Data” is highly dependent on the involved 

stakeholders. The key data objects to collect here are 

cadastral data (e.g., land ownership, registration, and 

finance), as well as parcel attributes relying on regulations 

(e.g., municipality plans). These manual entries may 

evolve into scripts or service tasks. 

Depending on different national contexts, the registration 

and financial data can already be found in one or more 

databases, where gateways can be set. Moreover, a Prior 

Information Request to authorities can generate data on 

parcel attributes (e.g., potential uses and construction 

properties of the land). As the EU INSPIRE Directive 

applies here (Radulovic et al., 2017), the manual input 

will tend to become a script. 

With the understanding of what is possible to build, the 

following activity will “Define the Database framework”, 

where “Construction Preliminary Requirements” 

constitute the technical data produced by the design team 

in their first construction concepts. At this stage, most 

data inputs are assumed to be manual.  

The Strategic Definition activities end with the 

confirmation of whether the project can be built. 

“Validate Legal requirements” is a key activity relying on 

the analysis and authorizations that need to be provided. 
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Commonly, this task is performed as a manual data entry 

in municipality systems. Several projects have been 

exploring the digital issuing of permits, which could 

transform this task to a service or a business rule (Noardo 

et al., 2020). The agreement (or not) on the technical 

aspects and the budget leads to an exclusive gateway of 

go/no-go options, where several scenarios can occur. 

Design and Construction (Fig. 3, see next page) 

Due to the wide range of procurement routes, modes of 

stakeholder involvement and country based processes, 

this process map was conceived in such a way that the 

included activities and roles can be generalised. 

“Record and collect stakeholders’ data” is a key activity 

to assure the golden thread of information, as it sets the 

Figure 3: DBL BPMN flowchart framework – Design and Construction stage 

Figure 2: DBL BPMN flowchart framework – Strategic Definition stage 
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roles and ownership of all future data. As there are several 

systems and tools supporting this functionality, the task is 

likely to become a script. At this stage, it is also essential 

to evaluate the need to “Contract a DBL Service Provider” 

as part of the framework of agreements to be set. 

Then, the project’s conceptualisation and technical 

development lead to “Record and collect project 

requirements data”, supported by the definition of the 

envisaged design solutions and their properties. This 

activity and group of related tasks deal with the data 

identified as essential for DBL functionalities. This task 

is considered as a manual data input, despite several 

existing technological solutions or the possibility for a 

product catalogue based on “digital” Data Templates (as 

envisaged in ISO 23387 (2020)) can help in automating 

this task. The rationale is that detailing this scenario and 

the associated relationships as they are, is thought to 

strengthen interoperability requirements.  

During the design process, new authorizations might be 

needed to check the compliance with Regulations and/or 

other applicable constraints. “Checking Regulation 

Compliance” is similar to “Validate Legal requirements”, 

although the related data and the requirements can be far 

more complex. There are already several Licensing tools 

here that can support the processes submission. The 

Authorities will then decide whether the elements and 

data are compliant, or changes are needed. With a “Yes” 

as Gateway outcome of this activity, construction can 

start. 

In this stage, three main parallel activities are considered, 

due to the different requirements set by EU Directives on 

“Safety and Health” and on “Environment”. Due to the 

reporting requirements, there will be periodic tasks of 

sending recorded and organised data to the Authorities in 

both dimensions. Then, “Record and Organise Project 

Development Data”, manage data related to the technical 

execution of the building, which involve constructing the 

physical elements in accordance with their digital 

counterparts, or updating the digital counterpart with on-

site changes affecting the characteristics of the physical 

element. Data traceability and reliability requires that 

checks must occur to assure that new processes and 

products are compliant with the design definitions and 

regulations. In these activities, the Project Manager, 

Design Team, and Contractor, are envisioned to be 

involved.       

The last activity at the interface between Construction and 

Use stages is the “Commissioning/Handover”, where the 

verification of the Owner requirements, the delivery of all 

data to Authorities, and the acceptance of said data 

without issues, allow the building to initiate its operation. 

The data relationship between the Owner and the 

Authorities uses mainly Business Rules (for submission), 

but other types of integration could be envisioned. 

Use (Fig. 4, see next page) 

As identified in the literature review, the survey within the 

EC report (2021) denoted that, among others, the Use-

related data fields “Design and plans of the building” 

(during handover and following interventions), and 

“Energy performance certificate” (i.e., data on the 

building’s consumption of energy), were very important 

for the development of DBL framework, while “Dynamic 

data (smart meters, sensors etc.)” was somewhat 

important. This survey’s outcome is important to DTs as 

they rely on static, quasi-static, and dynamic data. By 

merging these two notions and through the specification 

of data types (that can later be structured in more detail 

within layers of information, functionalities, interfaces or 

services), the Use stage is composed of a parallel gateway 

of several activities during the operational life of the built 

object – with different types of interactions and data types, 

governed by different stakeholders. 

Static and quasi-static data are mostly legacy data related 

to long-living construction elements or characteristics of 

the built object (e.g., street number, ownership). 

However, due to maintenance activities, modifications of 

use, refurbishment actions, or other similar events, 

changes can occur, leading to updated requirements. 

Moreover, there can be unprecedented or force majeure 

events with a stochastic nature that can impact the built 

project (e.g., earthquakes, firestorms) and its built objects 

and, unavoidably, its DBL. As static or quasi-static data, 

most of those records will have to be updated via a manual 

input. Depending on the type of event, the update can be 

performed by the Owner, the Designers, or other 

authorities and/or service providers. At this stage, it is 

considered that most of the inputs will be made manually, 

despite the ability of some tools to set scripts or business 

rules for interaction. 

The record and update of Dynamic Data is found to be key 

for advanced DT capabilities. In this activity, all 

interactions are framed as a service, with IoT sensors set 

on the built object. Depending on the corresponding SoS 

and the available solutions, several stakeholders can be 

involved in this activity. In the current framework, the 

representation of this type of activity was simplified 

although the challenges and complexity involved in 

dynamic data recording and management in order to 

transform it into useful information (as in the data 

ownership and governance) are acknowledged. 

Another type of activity is the link between a (potentially) 

smart building with a (potentially) smart city 

infrastructure – where there is an integration or services 

gateway allowing for establishment of the relationship of 

the built object with its surroundings, and vice-versa. This 

necessitates a high level of technological integration and 

as such, few relevant data are expected to be inputted 

manually. 

Focusing on the value of preserving an updated DBL (as 

required in the Golden Thread of Information) which 

includes all relevant information, the Product Recall 

activity is deployed – inspired by relevant research on 

product recall (Watson et al., 2019a,b). This activity aims 

to confirm and expand the concerns raised for changes in 

the static and/or quasi-static data due to interventions, 

which might lead to an under-performance of the built 

object when compared with its state before such 

interventions, or even its as-designed state. This activity 
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can also allow revisiting the compliance of the built object 

to a certain regulation that was updated. At this stage, the 

Recall is defined to be a manual data input, mostly due to 

the general infancy of the concept – although, it should be 

noted that some progress is being made on this topic in 

some contexts, as in the industrialized construction sector 

in Sweden, including some conceptualisation of this 

problem by Li et al. (2020). This activity’s relationship 

with compliance issues and other types of interventions 

requires its connection to other types of interactions and 

activities defined in the previous stages. 

The end of the DBL is marked with the end-of-life of the 

built object although some discussions can be raised 

regarding the use of DBL’s processes, services, and 

potential uses of DBL data for the object’s deconstruction. 

However, these are outside the scope of this paper. 

Discussion/findings 

The development of the DBL BPMN flowchart was 

achieved in iterations. It started with the review of the 

main processes within a building’s lifecycle that produces 

or consumes data; the process itself, data types and 

instances. In parallel to this activity, the development 

considered the key requirements for the DBL’s 

functionalities and services included in the EC (2021) 

framework which were extended by conceiving the DBL 

as a complementary concept to DT. The merging together 

of the two concepts (DBL and DT) assumes that assurance 

of information, which is a key requirement for DBL, can 

be guaranteed and maintained. Indeed, validations can 

occur during the Design and Construction stage and 

during the Use stage against relevant codes, regulations, 

or performance benchmarks. 

As different countries have different practices and are 

likely to adopt diverse process protocols, the processes set 

in the DBL BPMN flowchart were generalised. This 

makes the process maps adaptable to different 

construction industry contexts in different countries. An 

interesting aspect in this regard is the potential availability 

of different gateway options for the interaction of data 

objects with activities. The comparison of these options 

among various practices including the differing 

automation levels involved (e.g. digital permits) is an 

interesting area for future research.  

The DBL BPMN maps provides a seed process-based 

framework which can form the starting point for future 

detailing. The experts, consulted during the focus group, 

confirmed that most of the activities involved in the 

process maps are important steps towards the 

establishment of a DBL and in particular those within the 

Strategic Definition and Design and Construction phases. 

One of the focus group’s participants, with extensive 

experience with city-level projects, recognised the 

different activities and the DBL facets defined for the Use 

phase as relevant for data record, update and analysis on 

both the building scale and the city scale. 

The author-reader cycles for verifying the process maps 

and the focus group raised the importance of providing a 

suitable the level of data detail for each activity, and 

Figure 4: DBL BPMN flowchart framework – Use stage 
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addressing data ownership as some of the key areas for 

further development. 

Finally, limitations in terms of the low granularity level of 

the BPMN maps and their partial compliance with BMPN 

symbology (e.g., use of lanes, exchanges) were 

acknowledged.  

Conclusions 

This aim in this paper was to propose a process-based 

framework for Digital Building Logbooks (DBLs) that 

defines the activities, the data and stakeholder involved 

across the built asset lifecycle from early conceptual and 

feasibility, through design and construction, to 

use/operation. To this end, Business Process Modelling 

Notation (BPMN) maps were developed and verified. The 

BPMN maps evidenced the range of interconnected 

activities involved in a DBL including the functionalities 

and services that can be linked to DBLs. The proposed 

framework was conceived in a way that it contributes to 

the EU framework outlined in the EC report (2021). The 

framework also considered the potential role that a DBL 

can play in supporting Digital Twins and vice-versa.  

Despite the low level of granularity and lowest level of 

full compliance with the BPMN symbology, the proposed 

BPMN proved that it can act as a starting point for 

discussion around DBL to be further detailed in future. 

The framework can also support the understanding of 

important areas of DBL applications such as the Golden 

Thread of Information that is key for assuring the veracity, 

traceability, transparency, and security of critical 

information for built assets.  

Recommendations for future work include, developing 

the DBL BPMN maps to a higher granularity level in 

accordance with the BPMN modelling conventions; 

conducting more focus group validation sessions with 

experts from a wider variety of contexts and backgrounds; 

and focussing on specific DBL use cases and services 

using country based situations and practical services to be 

provided. 
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Abstract 

For temporary elevator planning, optimization with meta-

heuristic algorithms is an effective approach. Existing 

temporary elevator planning is rarely conducted from a 

spatio-temporal perspective. This research proposes a 

spatio-temporal planning model with a genetic algorithm 

to address this deficiency. The experiment test results 

show that the total cost of the optimized solution is 

reduced by 37.48% compared to the initial solution. The 

proposed model solves the limitation that the service day 

and floor of temporary elevators are planned separately, 

which, when considered simultaneously, help reduce the 

cost of temporary elevators. 

Introduction 

With the increase in the construction of high-rise projects, 

the vertical transportation of resources is becoming 

significant (Wu et al., 2020). The temporary elevator is a 

piece of equipment that mainly transports workers and 

small to medium-sized materials (Shin et al., 2011; Park 

et al., 2013). Temporary elevator planning plays an 

important role in transportation capacity and cost (Cho et 

al., 2011; Cho et al., 2013). Effective temporary elevator 

planning is what the project team cares about, and it is a 

critical element for the successful completion of high-rise 

projects (Kim et al., 2016; Jalali Yazdi et al., 2018). 

Temporary elevator planning is a complex dynamic 

process. The transportation demand for temporary 

elevators, i.e., the quantity of resources transported on 

each floor each day, varies frequently and significantly 

(Wu and García de Soto, 2021). To this effect, temporary 

elevator planning should be adjusted accordingly to meet 

actual transportation demands. In other words, the number 

and type of temporary elevators serving different days and 

floors should be dynamic and not static, which is in line 

with the requirements of spatio-temporal construction 

management (Ardila and Francis, 2020). 

Informal traditional temporary elevator planning mainly 

relies on experience and knowledge from similar projects 

(Hwang, 2009); therefore, some heuristic and statistical 

methods are proposed for selecting temporary elevators 

(Shin et al., 2011). For example, one heuristic method 

depends on the transportation frequencies of projects and 

temporary elevators (Shin et al., 2011). Another statistical 

method is based on the height, area, floor number, and 

construction duration of projects (Ye et al., 2016). These 

methods are easy to use but not guaranteed to be accurate 

enough because different planning solutions cannot be 

compared carefully (Shin et al., 2011). To make 

temporary elevator planning more effective, some 

transportation time models are established using discrete-

event simulation, and three types of time in one 

transportation, i.e., cab motion time, cab door operation 

time, and resource transfer time, are considered (Shin et 

al., 2011; Park et al., 2013; Jung et al., 2017). 

Temporary elevators are classified according to 

specifications such as lifting height, loading capacity, and 

rated speed. Finding an optimal temporary elevator 

combination by trial and error is difficult or even 

impossible when candidates increase explosively (Shin et 

al., 2011). This problem is equally prominent in the 

zoning operation of temporary elevators (Park et al., 

2013). To tackle such cases, meta-heuristic algorithms 

like genetic algorithms (GA) have been employed in 

various temporary elevator planning for single or multiple 

objectives. For instance, an equipment selection model 

incorporating GA is built to minimize the cost of 

temporary elevators (Shin et al., 2011), a zoning operation 

model combining GA is created to reduce transportation 

time (Park et al., 2013), and a zoning operation-based 

equipment selection model applying GA is developed to 

solve the time-cost-environment tradeoff (Koo et al., 

2016). 

However, existing temporary elevator planning is rarely 

conducted from a spatio-temporal perspective. To be 

specific, although the service floor of temporary elevators 

has been taken into account, the service day of temporary 

elevators is scarcely involved. Thus, the installation and 

dismantlement dates of temporary elevators cannot be 

determined reasonably when there are multiple ones in a 

project. Moreover, temporary elevator planning loses an 

opportunity to be further optimized. 

Based on the above considerations, this research 

investigates how to configure temporary elevators to 

serve specific days and floors to satisfy transportation 

demands, and GA, a typical meta-heuristic algorithm, is 

used for optimization. The rest of this paper is structured 

as follows. First, the modeling of temporary elevator 

spatio-temporal planning is elaborated. Next, an 

experimental test is executed to verify the proposed 

model. Finally, conclusions and outlook are provided. 

Spatio-Temporal planning modeling 

This section presents the spatio-temporal planning 

modeling of temporary elevators, and the objective and 

optimization of the model are described in detail. 
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Model objective 

The objective of the model is to minimize the total cost of 

configured temporary elevators while satisfying the limit 

of transportation time, and it is expressed in Equations (1) 

to (3).  𝐶𝑇 indicates the total cost of temporary elevators, 

consisting of fixed and variable costs. 𝐶𝑒
𝐹  indicates the 

fixed cost (e.g., installation cost, dismantlement cost) of 

temporary elevator 𝑒. 𝐶𝑒
𝑉 indicates the variable cost (e.g., 

rental cost, maintenance cost, personnel cost) of 

temporary elevator 𝑒  per day. 𝑁𝑒
𝐷  indicates the service 

day number of temporary elevator 𝑒 . 𝑇𝑑
𝐷  indicates the 

transportation time on day 𝑑, which is determined by the 

maximum transportation time among all temporary 

elevators. 𝑇𝑒,𝑑
𝐸  indicates the transportation time of 

temporary elevator 𝑒  on day 𝑑 . 𝑇𝑑
𝐿  indicates the 

transportation time limit on day 𝑑, which is determined by 

the project team. 

min 𝐶𝑇 = ∑ (𝐶𝑒
𝐹𝐸

𝑒=1 + 𝐶𝑒
𝑉 ∙ 𝑁𝑒

𝐷)             (1) 

𝑇𝑑
𝐷 = max{𝑇1,𝑑

𝐸 , 𝑇2,𝑑
𝐸 , … , 𝑇𝑒,𝑑

𝐸 }   ∀𝑑 ∈ 𝐷     (2) 

𝑇𝑑
𝐷 ≤ 𝑇𝑑

𝐿   ∀𝑑 ∈ 𝐷                          (3) 

The model focuses on the transportation of workers 

during the morning peak time for the following reason. 

On a given day, the transportation of workers is basically 

concentrated during the morning, noon, and afternoon 

peak times, while that of materials is mainly concentrated 

in the morning and afternoon, and sometimes in the 

evening. Among these time periods, the transportation of 

workers during the morning peak time is recognized as the 

most critical because transportation demands are the most 

concentrated in this time period, and its delay has the 

greatest impact on construction productivity.  

To avoid confusing transportation, the following three 

transportation rules are implemented: 1) if the number of 

floors to be served is more than that of available 

temporary elevator cabs on a given day, then a floor is 

only served by one temporary elevator cab; 2) if the 

number of floors to be served is equal to that of available 

temporary elevator cabs on a given day, then a floor is 

only served by one temporary elevator cab, and a 

temporary elevator cab only serves one floor; and 3) if the 

number of floors to be served is less than that of available 

temporary elevator cabs on a given day, then a temporary 

elevator cab only serves one floor. 

The transportation time of one task is divided into three 

parts: 1) the cab motion time of the temporary elevator, 2) 

the cab door operation time of the temporary elevator, and 

3) the transfer time of transported workers, as expressed 

in Equation (4). 𝑇𝑑,𝑡,𝑒 indicates the transportation time of 

task 𝑡 served by temporary elevator 𝑒 on day 𝑑. 𝑁𝑑,𝑡
𝑆 + 1 

indicates that the number of segments in task 𝑡 on day 𝑑 

plus the process back to the ground. 𝑇𝑑,𝑡,𝑒,𝑠
𝑀  indicates the 

cab motion time of temporary elevator 𝑒 in segment 𝑠 of 

task 𝑡  on day 𝑑 . 𝑇𝑑,𝑡,𝑒
𝑂  and 𝑇𝑑,𝑡,𝑒

𝐶  indicate the cab door 

opening and closing times of temporary elevator 𝑒 in task 

𝑡  on day 𝑑 , respectively. 𝑁𝑑,𝑡
𝑊  indicates the number of 

transported workers in task 𝑡  on day 𝑑 . 𝑇𝑑,𝑡
𝐵  and 𝑇𝑑,𝑡

𝐿  

indicate the boarding and leaving times of transported 

workers in task 𝑡 on day 𝑑, respectively. For 𝑇𝑑,𝑡,𝑒,𝑠
𝑀 , if the 

distance of segment 𝑠 is not less than the distance required 

for the cab of temporary elevator 𝑒 to perform a complete 

acceleration and deceleration process, it is determined by 

the first fraction of Equation (5), otherwise by the second 

fraction of that Equation. 𝐷𝑑,𝑡,𝑠
𝑀  indicates the distance of 

segment 𝑠 in task 𝑡 on day 𝑑. 𝑉𝑒
𝑅, 𝑉𝑒

𝐴, and 𝑉𝑒
𝐷 indicate the 

cab rated speed, acceleration, and deceleration of 

temporary elevator 𝑒, respectively. 

𝑇𝑑,𝑡,𝑒 = ∑ 𝑇𝑑,𝑡,𝑒,𝑠
𝑀𝑁𝑑,𝑡

𝑆 +1

𝑠=1 + (𝑁𝑑,𝑡
𝑆 + 1) ∙ (𝑇𝑑,𝑡,𝑒

𝑂 + 𝑇𝑑,𝑡,𝑒
𝐶 ) +

𝑁𝑑,𝑡
𝑊 ∙ (𝑇𝑑,𝑡

𝐵 + 𝑇𝑑,𝑡
𝐿 )                                                                           (4) 

Figure 1: I-type and II-type chromosomes 
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𝑇𝑑,𝑡,𝑒,𝑠
𝑀 = 

{
  
 

  
 
 
𝑉𝑒
𝑅

𝑉𝑒
𝐴 +

𝑉𝑒
𝑅

𝑉𝑒
𝐷 +

𝐷𝑑,𝑡,𝑠
𝑆 − 

𝑉𝑒
𝑅2

2𝑉𝑒
𝐴 − 

𝑉𝑒
𝑅2

2𝑉𝑒
𝐷 

𝑉𝑒
𝑅 , 𝐷𝑑,𝑡,𝑠

𝑆 ≥
𝑉𝑒
𝑅2(𝑉𝑒

𝐴+𝑉𝑒
𝐷)

2𝑉𝑒
𝐴𝑉𝑒

𝐷

√
2𝐷𝑑,𝑡,𝑠

𝑆

|
𝑉𝑒
𝐴2 −𝑉𝑒

𝐷2

𝑉𝑒
𝐴 𝑉𝑒

𝐷
|

(𝑉𝑒
𝐴 + 𝑉𝑒

𝐷), 𝐷𝑑,𝑡,𝑠
𝑆 <

𝑉𝑒
𝑅2(𝑉𝑒

𝐴+𝑉𝑒
𝐷)

2𝑉𝑒
𝐴𝑉𝑒

𝐷

           (5) 

Model optimization 

The I-type and II-type chromosomes, as illustrated in 

Figure 1, are designed to facilitate the model optimization. 

In the I-type chromosome, the information for each 

temporary elevator consists of two parts with three genes, 

and they are encoded in real numbers. The first part with 

one gene represents the type of temporary elevators, 

numbered according to specifications such as lifting 

height, loading capacity, and rated speed. If the number is 

zero, like in the case of temporary elevator 2 in Figure 1, 

it means that there is no temporary elevator, and the 

service period in the I-type chromosome is ignored 

although it is displayed; meanwhile, the service floors on 

each day in the II-type chromosome are excluded. The 

second part with two genes represents the start and end 

days of the service period of temporary elevators. The 

gene with a smaller number represents the start day, and 

if the two genes are equal, there is only one day in the 

service period. As shown in Figure 1, the service period 

of temporary elevator 1 is from days 1 to 37, and that of 

temporary elevator 3 is from days 18 to 53. It should be 

noted that the number of temporary elevators is not fixed 

in the I-type chromosome and can be expanded as needed. 

In the II-type chromosome, the information for available 

temporary elevators consists of the genes representing the 

service floors on each day, and they are encoded in binary. 

If the configuration of a temporary elevator is a dual cab, 

like in the case of temporary elevator 1 in Figure 1, the 

service floor of each cab is represented respectively. The 

gene with “1” represents that the service floor of the cab 

includes the corresponding floor, otherwise does not. As 

shown in Figure 1, on day 32, the service floor of cab 1 of 

temporary elevator 1 includes floors 2 and 5, that of cab 2 

of temporary elevator 1 includes floors 2 and 6, and that 

of cab 1 of temporary elevator 3 includes floor 5. 

The I-type and II-type criteria are formulated below to 

exclude inherently infeasible I-type and II-type 

chromosomes, respectively.  

The I-type criteria are comprised of seven items:  

 The first item is that there is at least one available 

temporary elevator. As shown in Figure 2 (a), the 

types of all temporary elevators are zero. In this case, 

there is no available temporary elevator, so the 

chromosome is infeasible. 

 The second item is that a service day is covered by 

at least one available temporary elevator. As shown 

in Figure 2 (b), the service period of temporary 

elevator 1 is from days 37 to 50, and that of 

temporary elevator 3 is from days 1 to 28. In this 

case, days 29 to 36 cannot be covered, so the 

chromosome is infeasible. 

Figure 2: Examples of inherently infeasible I-type chromosomes  
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 The third item is that the lifting height of any 

available temporary elevators is not lower than the 

height of at least one floor to be served on each day. 

As shown in Figure 2 (c), there are floors 3 and 4 to 

be served on a given day, and the lifting heights of 

temporary elevators 1 and 3 can reach up to floors 2 

and 4, respectively. In this case, temporary elevator 

1 cannot reach up to the floors to be served, so the 

chromosome is infeasible. 

 The fourth item is that the height of any of the floors 

to be served is not higher than the lifting height of at 

least one available temporary elevator on each day. 

As shown in Figure 2 (d), floors 2 and 5 are to be 

served on a given day, and the lifting heights of 

temporary elevators 1 and 3 can reach up to floors 2 

and 4, respectively. In this case, floor 5 cannot be 

reached, so the chromosome is infeasible. 

 The fifth item, following the aforementioned first 

transportation rule, is that the number that the height 

of all floors to be served is not higher than that of a 

specific floor to be served is not less than the number 

that the lifting height of available temporary elevator 

cabs is not higher than that of this specific floor on a 

given day. As shown in Figure 2 (e), there are four 

floors to be served and three available temporary 

elevator cabs on a given day; the number that the 

floors to be served is not higher than floor 2 is one, 

and the number that the lifting height of available 

temporary elevator cabs is not higher than floor 2 is 

two. In this case, cabs 1 and 2 of temporary elevator 

1 only serve floor 2, so the chromosome is infeasible. 

 The sixth item, following the aforementioned second 

transportation rule, is that the number that the height 

of all floors to be served is not higher than the height 

of a specific floor to be served is not less than the 

number that the lifting height of available temporary 

elevator cabs is not higher than the height of this 

specific floor, and the number that the height of all 

floors to be served is not lower than the height of a 

specific floor to be served is not more than the 

number that the lifting height of available temporary 

elevator cabs is not lower than the height of this 

specific floor, on a given day. As shown in Figure 2 

(f), there are three floors to be served and three 

available temporary elevator cabs on a given day; the 

number that the floors to be served is not lower than 

floor 3 is two, and the number that the lifting height 

of available temporary elevator cabs is not lower 

than floor 3 is one. In this case, floors 3 and 5 are 

only served by cab 1 of temporary elevator 3, so the 

chromosome is infeasible. 

 The seventh item, following the aforementioned 

third transportation rule, is that the number that the 

height of all floors to be served is not lower than the 

height of a specific floor to be served is not more 

than the number that the lifting height of available 

temporary elevator cabs is not lower than the height 

of this specific floor on a given day. As shown in 

Figure 2 (g), there are three floors to be served and 

four available temporary elevator cabs on a given 

day; the number that the floors to be served is not 

lower than floor 4 is two, and the number that the 

lifting height of available temporary elevator cabs is 

not lower than floor 4 is one. In this case, floors 4 

and 5 are only served by cab 1 of temporary elevator 

3, so the chromosome is infeasible. 

Figure 3: Examples of inherently infeasible II-type chromosomes 
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The II-type criteria are comprised of six items:  

 The first item is that the lifting height of a temporary 

elevator cab is not lower than the height of the floor 

it serves. As shown in Figure 3 (a), the lifting height 

of cab 2 of temporary elevator 1 reaches up to floor 

2, and it serves floor 3. In this case, floor 3 cannot be 

served by cab 2 of temporary elevator 1, so the 

chromosome is infeasible. 

 The second item is that a floor to be served is 

covered by at least one temporary elevator cab. As 

shown in Figure 3 (b), floor 2 is served by cabs 1 and 

2 of temporary elevator 1, and floor 5 is served by 

cab 1 of temporary elevator 3. In this case, floor 3 

does not be served, so the chromosome is infeasible. 

 The third item is that an available temporary elevator 

cab serves at least one floor to be served. As shown 

in Figure 3 (c), cab 1 of temporary elevator 1 serves 

floor 2, and cab 1 of temporary elevator 3 serves 

floors 3 and 5. In this case, cab 2 of temporary 

elevator 1 does not serve floors, so the chromosome 

is infeasible. 

 The fourth item, following the aforementioned first 

transportation rule, is that a floor is only served by 

one temporary elevator cab. As shown in Figure 3 

(d), there are four floors to be served and three 

available temporary elevator cabs on a given day, 

and floor 2 is served by cabs 1 and 2 of temporary 

elevator 1. In this case, floor 2 is not only served by 

one temporary elevator cab, so the chromosome is 

infeasible. 

 The fifth item, following the aforementioned second 

transportation rule, is that a floor is only served by 

one temporary elevator cab and a temporary elevator 

cab only serves one floor. As shown in Figure 3 (e), 

there are three floors to be served and three available 

temporary elevator cabs on a given day, floor 2 is 

served by cabs 1 and 2 of temporary elevator 1, and 

cab 1 of temporary elevator 3 serves floors 3 and 5. 

In this case, floor 2 is not only served by one 

temporary elevator cab, and cab 1 of temporary 

elevator 3 does not only serve one floor, so the 

chromosome is infeasible. 

 The sixth item, following the aforementioned third 

transportation rule, is that a temporary elevator cab 

only serves one floor. As shown in Figure 3 (f), there 

are three floors to be served and four available 

temporary elevator cabs on a given day, and cab 1 of 

temporary elevator 3 serves floors 3 and 5. In this 

case, cab 1 of temporary elevator 3 does not only 

serve one floor, so the chromosome is infeasible. 

The GA-based model optimization process with 12 steps 

is listed below, and its flow chart is shown in Figure 4. 

 Step 1: Set the model optimization parameters, 

including the population size 𝑆𝑃 , the crossover 

probability 𝑃𝐶 , the mutation probability 𝑃𝑀, and the 

generation number 𝑁𝐺. 

 Step 2: Generate inherently feasible initial I-type 

chromosomes with the population size 𝑆𝑃 randomly. 

 Step 3: According to each I-type chromosome, 

generate inherently feasible initial II-type 

chromosomes with the population size 𝑆𝑃randomly. 

 Step 4: Evaluate the fitness of each II-type 

chromosome (i.e., transportation time), and 

infeasible II-type chromosomes are penalized by 

setting a worse fitness (i.e., more transportation 

time). 

 Step 5: Select II-type chromosomes according to the 

roulette wheel rule, and the II-type chromosome 

with less transportation time has the more 

probability of being selected. 

 Step 6: According to the crossover probability 𝑃𝐶  

and the mutation probability 𝑃𝑀 , conduct the 

crossover and mutation operations to the selected II-

type chromosomes, and evaluate their fitness like 

Step 4. 

 Step 7: If the generation number 𝑁𝐺  of II-type 

chromosomes is reached, go to Step 8; otherwise, go 

to Step 5. 

 Step 8: Evaluate the fitness of each I-type 

chromosome (i.e., total cost), and infeasible I-type 

chromosomes are penalized by setting a worse 

fitness (i.e., more total cost). 

 Step 9: Select I-type chromosomes according to the 

roulette wheel rule, and the I-type chromosome with 

less total cost has the more probability of being 

selected. 

Figure 4: Flow chart of the GA-based model optimization 

process
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Table 1: Specifications and costs of two types of temporary elevators 

Type Cab number 

Loading 

capacity 

(kg) 

Lifting 

height 

(m) 

Rated 

speed 

(m/min) 

Acceleration 

(m/s²)  

Deceleration 

(m/s²)  

Fixed cost 

(CNY*) 

Variable 

cost 

(CNY*/d) 

1 2 2,000 250 63 0.21 0.35 38,500.00 1,301.67 

2 2 2,000 200 36 0.12 0.20 26,400.00 751.67 

* 1 CNY ≈ 0.16 USD 

 
 

 Step 10: According to the crossover probability 𝑃𝐶  

and the mutation probability 𝑃𝑀 , conduct the 

crossover and mutation operations to the selected I-

type chromosomes, and evaluate their fitness like 

Steps 3 to 8. 

 Step 11:  If the generation number 𝑁𝐺  of I-type 

chromosomes is reached, go to Step 12; otherwise, 

go to Step 9. 

 Step 12: Output the optimal I-type and II-type 

chromosomes. 

Experimental test 

A 36-story high-rise project with a construction duration 

of 411 days is used for testing the proposed model. The 

specifications and costs of the two types of temporary 

elevators are summarized in Table 1, which consists of 

cab number, lifting height, loading capacity, rated speed, 

acceleration, deceleration, fixed cost, and variable cost. 

The model optimization parameters are set as shown in 

Table 2. 
 

Table 2: Model optimization parameters 

Model optimization parameter Value 

Population size 𝑆𝑃 50 

Crossover probability 𝑃𝐶  0.9 

Mutation probability 𝑃𝑀 0.1 

Generation number 𝑁𝐺 10 
 

The details of the initial and optimized solutions for the 

service period of temporary elevators are listed in Table 

3. In the initial solution, temporary elevator 1 with type 1 

and temporary elevator 2 with type 2 serve all days. In the 

optimized solution, the construction duration can be 

divided into three stages according to the service periods 

of two temporary elevators. The first stage is from day 1 

to day 332, and temporary elevator 1 with type 1 is 

available. The second stage is from day 333 to day 341, 

and temporary elevator 1 with type 1 and temporary 

elevator 2 with type 2 are available. The third stage is 

from day 342 to day 411, and temporary elevator 2 with 

type 2 is available. 

The partial details of the initial and optimized solutions 

for the service floor of temporary elevators are listed in 

Table 4. On day 72, floors 6, 8, 11, and 12 need to be 

served. On day 339, floors 30, 31, and 36. On day 347, 

floors 29, 30, 34, and 35. In the initial solution, all cabs of 
 

Table 3: Service period details of the initial and optimized 

solutions 

Solution Type Start day End day 

Initial 
1 1 411 

2 1 411 

Optimized 
1 1 341 

2 333 411 
 

Table 4: Partial service floor details of the initial and 

optimized solutions 

Solution Day 
Temporary 

elevator 
Cab Service floor 

Initial 

72 

1 
1 6, 8, 11, and 12 

2 6, 8, 11, and 12 

2 
1 6, 8, 11, and 12 

2 6, 8, 11, and 12 

339 

1 
1 30, 31, and 36 

2 30, 31, and 36 

2 
1 30, 31, and 36 

2 30, 31, and 36 

347 

1 
1 29, 30, 34, and 35 

2 29, 30, 34, and 35 

2 
1 29, 30, 34, and 35 

2 29, 30, 34, and 35 

Optimized 

72 1 
1 11 

2 6, 8, and 12 

339 

1 
1 36 

2 31 

2 
1 31 

2 30 

347 2 
1 29 and 35 

2 30 and 34 

temporary elevators 1 and 2 serve all the floors. In the 

optimized solution, on day 72, cab 1 of temporary elevator 

1 serves floor 11, and cab 2 of temporary elevator 1 serves 

floors 6, 8, and 12; on day 339, cab 1 of temporary 

elevator 1 serves floor 36, cab 2 of temporary elevator 1 

Page 486 of 605



 

Table 5: Cost details of the initial and optimized solutions 

Cost 
Initial  Optimized  Reduction value 

(CNY) 
Reduction rate 

Value (CNY) Percentage Value (CNY) Percentage 

Fixed 64,900.00 7.14%  64,900.00 11.42%  - - 

Variable 843,922.74 92.86%  503,251.40 88.58%  - - 

Total 908,822.74 100.00%  568,151.40 100.00%  340,671.34 37.48% 

serves floor 31, cab 1 of temporary elevator 2 serves floor 

31, and cab 2 of temporary elevator 2 serves floor 30; and 

on day 347, cab 1 of temporary elevator 2 serves floors 29 

and 35, and cab 2 of temporary elevator 2 serves floors 30 

and 34.  

The details of the initial and optimized solutions for the 

cost of temporary elevators are listed in Table 5. The fixed 

and variable costs of the initial solution are 64,900.00 

CNY and 843,922.74 CNY, respectively, which account 

for 7.14% and 92.86% of the total cost of the initial 

solution (908,822.74 CNY). The fixed and variable costs 

of the optimized solution are 64,900.00 CNY and 

503,251.40 CNY, respectively, which account for 11.42% 

and 88.58% of the total cost of the optimized solution 

(568,151.40 CNY). Compared to the initial solution, the 

total cost of the optimized solution is reduced by 

340,671.34 CNY, which accounts for 37.48% of the initial 

solution. 

The transportation time of the initial and optimized 

solutions on each day is shown in Figure 5. Their 

maximum transportation times are 27.68 min and 70.07 

min on day 202 for the initial and optimized solutions, 

respectively, both less than the 90-minute transportation 

time limit. Compared to the initial solution, the temporary 

elevators in the optimized solution are more fully utilized 

within the transportation time limit. 
 

 

Conclusions and outlook 

Temporary elevator planning imposes a significant impact 

on the completion of high-rise projects. To enhance 

temporary elevator planning, this research proposes a 

spatio-temporal planning model with GA for minimizing 

the total cost of configured temporary elevators while 

satisfying the limit of transportation time. Because the 

transportation of workers during the morning peak time is 

the bottleneck of a day, it is selected as the concerned 

transportation object. For estimating the transportation 

time of one task, the cab motion time of the temporary 

elevator, the cab door operation time of the temporary 

elevator, and the transfer time of transported workers are 

taken into account. In order to facilitate optimization, two 

types of chromosomes are created. The I-type 

chromosome is used to express the number, type, and 

service period of temporary elevators, and the II-type 

chromosome is used to express the service floor of 

temporary elevators. In the meantime, the I-type and II-

type criteria are formulated to exclude inherently 

infeasible two types of chromosomes. Moreover, in the 

Figure 5: Transportation time of the initial and optimized solutions on each day 
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GA-based model optimization process, a two-level nested 

loop is specially designed for the two types of 

chromosomes. To demonstrate the proposed model, a 

high-rise project was tested. Compared to the initial 

solution, the total cost of the optimized solution is reduced 

by 37.48%, showing that the proposed model can 

effectively reduce the cost of temporary elevators. 

In this research, multiple planning objects, including 

service days and floors, are integrated into one planning 

model, which solves the limitation that service days and 

floors are planned separately, resulting in a further 

reduction in the cost of temporary elevators. Meanwhile, 

when there exist multiple temporary elevators in a project, 

the installation and dismantlement dates of temporary 

elevators can be determined with evidence to support the 

decision-making process of the project team. Although 

the proposed model focuses on the transportation of 

workers during the morning peak time, it also applies to 

the transportation of other resources and periods. For 

example, if the project team is more concerned with the 

transportation of materials in the morning or afternoon, or 

the transportation of workers during the noon or afternoon 

peak time, it is only necessary to update parameters such 

as the transfer time of transported resources and the limit 

of transportation time accordingly. 

The genetic algorithm adopted in the proposed planning 

model is a typical meta-heuristic algorithm. This category 

of algorithms can be applied to a wider range of models 

and used to solve large-scale models in a faster manner; 

nevertheless, it cannot guarantee the optimal solution of 

models, and it is difficult to precisely measure the 

accuracy of solutions. Mathematical programming is 

another category of the commonly used optimization 

method. Compared to the meta-heuristic algorithm that 

combines random and local search algorithms for 

optimization operations, mathematical programming 

describes optimization operations with mathematical 

equations that can be adjusted to provide solutions with 

quality assurance. However, it has special requirements 

for the characteristics and structure of models and is 

relatively inefficient in solving large-scale models. 

Ongoing work by the authors investigates the integration 

of mathematical programming into the spatio-temporal 

planning model of temporary elevators and compares the 

computational performance of mathematical 

programming versus meta-heuristic algorithms. 
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Abstract 
Building information modelling (BIM) has not met the 
expectations of radically improved collaboration. As trust 
is a key enabler of collaboration, it is important to 
understand and address the trust issues in BIM-enabled 
collaboration for further improvement. Through a 
literature review on trust in psychology, economics, 
construction, and virtual collaboration, this paper 
enquires into the meaning and dimensions of trust. It is 
argued that the six dimensions of trust established in 
psychology and economics, the interrelationships 
between these dimensions, as well as the different units of 
analysis, need to be considered holistically for the study 
of trust in BIM-enabled collaboration. 

Introduction 
In “A dictionary of construction, surveying and civil 
engineering”, Building Information Modelling (BIM) is 
defined as a collaborative process for planning, designing, 
constructing, and maintaining the built asset by creating 
multi-dimensional computer models from the beginning 
to the end of a project lifecycle (Gorse, 2020). Similarly, 
(Khosrowshahi and Arayici, 2012) state that BIM’s main 
mission is to enhance collaboration. However, the 
implementation of BIM has not met the high expectations 
of radically improved collaboration (Miettinen and 
Paavola, 2014). Because trust is a key enabler for 
collaboration (Doloi, 2009), arguably, BIM-enabled 
collaboration can be improved by better understanding 
and addressing the relevant trust issues. 
Trust is a fundamental component of collaborative 
activities, as it promotes the social communication of 
people (Putnam (1993). For this reason, in construction 
research, the topics of collaboration and trust have been 
researched for over 20 years (Barron, 1995). For example, 
Latham’s report (Latham, 1994) summarised the reasons 
why the productivity in construction is low and advocated 
for better collaboration between the construction 
companies. In 2020, a report from Thomas and Bowman 
(2020) established the cost of developing trust in 
companies and projects, and found that organisations 
operating in a high-trust environment increase their 
profits. However, despite the general interest in the topics 
of trust and collaboration in construction, there is only a 
small number of studies that explicitly focus on the trust 
issues in BIM-enabled collaboration. Therefore, currently, 
there is very limited understanding of trust issues in BIM-
enabled collaboration. 
Based on a critical review of the literature on trust in 
psychology, economics, construction and virtual 
collaboration, this paper explores the meaning and 

dimensions of trust in the context of BIM-enabled 
collaboration. The research questions that guided the 
literature review are ‘what kinds of trust problems exist in 
BIM-enabled collaboration?’ and ‘what can be an 
adequate theoretical framework to study trust in BIM-
enabled collaboration?’. The trust dimensions that are 
found to be relevant provide a conceptual foundation for 
building a theoretical framework of trust in BIM-enabled 
collaboration. 

BIM-enabled collaboration 
The term, Building information model, was first proposed 
by van Nederveen and Tolman (1992). They claimed that 
BIM was an approach “to provide a simple and natural 
way to model building information (ibid)”. More recent 
research shows the use of BIM is more than being a model 
or database for a project (Penzes, 2018). BIM is a digital 
working method to manage the input and output of an 
information management system (ibid). The emphasis of 
BIM is shifting from recording project data to managing 
data and making decisions. 
There are two main arguments about the implementation 
of BIM in the industry. Some researchers argue that BIM 
is a key solution to increasing productivity in construction 
by solving collaboration problems (Khosrowshahi and 
Arayici, 2012). Even though some collaboration problems 
have not yet been addressed by BIM, the argument is that 
BIM would live up to the high expectations with the 
development of new technology, new policy, and a new 
construction environment. The governments worldwide 
also support the development of digitalisation in 
construction. One example from the UK is the BIM 
mandate which requires the suppliers of government 
projects to prove they have implemented BIM to a certain 
extent (Moore, 2020). 
However, another opinion in the industry is BIM does not 
solve the problems that it is supposed to solve, while the 
resources invested in implementing BIM in construction 
projects are huge and the return on implementation is 
difficult to measure. As a result, many small and medium-
sized companies in the construction industry are not 
willing to invest the resources to support the use of BIM 
(Koutamanis, 2020). 
Overall, there seems to be a consensus that BIM has not 
yet realized its full potential in terms of the improvements 
to collaboration. A better understanding of trust issues in 
BIM can help BIM to better achieve its intended effect 
and enable more significant improvements in 
collaboration in the construction industry. 
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Trust problems in BIM 
This section presents the trust issues found in the existing 
BIM literature under eight categories. Each category is 
briefly explained below. 

● Data security 
Unauthorised users might be able to read and tamper with 
BIM data. The BIM-enabled collaboration requires the 
team members to share building information on the BIM 
platform (Ghaffarianhoseini et al., 2017). However, the 
network adaptability of the BIM platform is imperfect to 
protect data security (Nawari and Ravindran, 2019). 
Therefore, the authentication mechanism on a BIM 
platform is not reliable enough to prevent data tamper by 
network attacks (Erri Pradeep, Yiu and Amor, 2019). 

● Data incompatibility 
Data incompatibility is caused by different standards of 
technical parameters used to develop a BIM model 
(McGuire et al., 2016). Specifically, the varieties of data 
format and level of detail used in a single project lead to 
interoperability problems (Nawari and Alsaffar, 2015), 
which may be caused by either semantics or software. 

● Data integrity 
Data integrity might be affected when entering and 
extracting information to the BIM environment (Liu, van 
Nederveen and Hertogh, 2017). For example, some 
building information could not be recorded into the BIM 
model because of the limited support provided by the BIM 
platform for that kind of information – i.e., some 
information may have to be represented in parts. Besides, 
the loss of building information during data format 
conversion can also affect the integrity of the data. 

● Repetitive tasks 
Repetitive tasks often occur when there are different 
stakeholders operating in the same BIM environment, 
such as when the BIM model is used during different 
construction stages. Various creation and maintenance 
standards of a BIM model lead to incompatible modelling 
practices between different stakeholders, which makes 
BIM-enabled collaboration a time-consuming and 
wasteful effort (Ahn, Kwak and Suk, 2016). 

● Data non-traceability 
The designer is only responsible for the BIM model 
before the construction stage, while they have no 
responsibility or obligation to modify the design model 
after the design stage (Liu, van Nederveen and Hertogh, 
2017). 

● Responsibility assignment 
It’s a tricky problem to arrange responsibility assignments 
on a BIM project because the idea of high integration in 
BIM conflicts with the highly autonomous practices of 
construction suppliers (Liu, van Nederveen and Hertogh, 
2017). Some BIM project owners rely excessively on 
third parties to tackle the complicated responsibility 
assignment process (Olawumi and Chan, 2019). 
 
 

● The information exchange process 
The information exchange process in BIM has some flaws 
when collaborating with a third party or in cross-
professional design (Liu, van Nederveen and Hertogh, 
2017). Specifically, there is no clear specification about 
the level of detail in most shared BIM models (Redmond 
et al., 2012), which leads to collaboration barriers 
between different stakeholders. This is also a barrier to the 
implementation of BIM. 

● Data unreliability 
The accuracy of the BIM data might not be sufficient to 
support collaboration between different stakeholders. 
Protecting digital property rights by sacrificing data 
accuracy is a common approach in most industries 
(Nawari and Ravindran, 2019), however, it might bring 
high project risks in the construction (Ghaffarianhoseini 
et al., 2017). 

 
Figure 1. Trust problems in BIM (adopted by the author) 

 
The above-discussed trust issues in BIM-enabled 
collaboration are summarised in Figure 1. As there is little 
research on trust in BIM-enabled collaboration, the trust 
problems listed above can be assumed to be incomplete. 
Next, through a critical discussion of the existing work on 
trust in psychology, economics, construction and virtual 
collaboration, this paper will inquire into the meaning and 
dimensions of trust in BIM-enabled collaboration. 

Theoretical framework of trust 
Putnam (1993) defined trust as a key requirement for 
collaborative activities, which are underpinned by the 
social communication of people. Similarly, trust was 
regarded as expectations that are built on common 
standards within a community (Fukuyama, 1996).  
The notion of trust has been widely discussed in 
psychology and economics (Guo and Chen, 2020). There 
are two different views on the nature of trust as proposed 
in psychology and economics  (Laan et al., 2011). 
Whether trust is calculable or not is the main difference 
between the definitions in psychology and economics 
(Kramer, 1999; Nooteboom, 2002; Rousseau et al., 1998). 
Hence, in the following, these two distinct views of trust 
will be reviewed alongside t the extant literature on trust 
in construction. 
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The concept of trust in psychology 
From a psychological point of view, trust is defined as a 
state of mind facing others’ attention and actions 
(Rousseau et al., 1998). More specifically, Edmondson 
(1999) claimed that trust is the expectation that the future 
actions of others will benefit one's interests. Similarly, 
Fukuyama (1996) claimed that trust is the expectation of 
the community members, arising “within a community of 
regular, honest, and cooperative behaviour”. It is built on 
commonly shared norms. After reviewing the definition 
of trust, Sahay (2003) concluded that trust means a non-
negative expectation about the outcomes received from 
others’ actions.  
The above definitions refer to trust as a belief, but none of 
them explains specifically what dimensions trust consists 
of. There are several different views on the dimensions of 
trust in psychology. The current mainstream dimensions 
of trust originate from the two sources of trust first 
proposed by (Johnson-George and Swap, 1982): 
Emotional Trust and Reliableness. Since then, a certain 
level of agreement has been achieved in terms of the 
division of the dimensions of trust. According to this, trust 
consists of affective trust and cognitive trust (Johnson-
George and Swap, 1982; McAllister, 1995; Moorman, 
Zaltman and Deshpande, 1992). Affective trust is the 
confidence between partners generated by the level of 
care of the partner (Johnson-George and Swap, 1982). 
Cognitive trust describes the confidence that is built in the 
competence and reliability of the other(s) (Moorman, 
Zaltman and Deshpande, 1992).  
After the trust was divided into cognitive and affective 
trust, Lewis and Weigert (1985) added a third dimension 
of trust – behaviour trust. They argued that behaviour trust 
is the corresponding action that reflects the state of 
affective trust and cognitive trust. Since then, these three 
dimensions of trust have been widely agreed upon. These 
three dimensions are further explained below. 
Cognitive trust: It is the confidence of put in the 
competence and reliability of the other(s) (Johnson and 
Grayson, 2005). It stems from accumulated knowledge. 
This means that it allows people to make predictions 
about the likelihood of a partner fulfilling its obligations 
with a degree of confidence. It is a cognitive process that 
distinguishes between trustworthy, untrustworthy, and 
unknown people and institutions. Trust involves a degree 
of familiarity with the object of trust that lies somewhere 
between complete knowledge and complete ignorance 
(Lewis and Weigert, 1985). Specifically, if someone is 
omniscient, this person could act without hesitation 
because the outcome is certain. By contrast, there is no 
trust for someone who is completely ignorant as the 
outcome of the action in such a case is unpredictable. 
Affective trust: Johnson and Grayson (2005) suggest that 
affective trust is confidence based on feelings arising from 
the partner's care and concern. This affective component 
of trust includes the emotional bonds between all those 
involved in the relationship (Lewis and Weigert, 1985). 
The sociological basis of trust is also based on an 
emotional foundation. This affective trust complements 
the cognitive foundation (Johnson and Grayson, 2005). 

They argue that affective trust and cognitive trust interact 
with each other. The emotional content of trust helps to 
build and maintain cognitive trust. However, the nature of 
affective trust is based on emotional attachment to 
partners. As the emotional connection become deeper, the 
trust may go beyond what could be justified by 
knowledge. This is the reason why trust is not calculable 
in psychology (Johnson and Grayson, 2005). 
Behaviour trust: The practical significance of trust lies 
in the social action that it underpins. Behavioural trust is 
expressed in risky courses of action based on the 
expectation that all those involved in the action will act 
with due diligence (Barber, 1983). Behavioural trust is 
interrelated with cognitive trust and affective trust. 
Behavioural displays that imply trust help to build the 
cognitive platform of trust (Luhmann, 2018). Behaviours 
that imply trust help to build or strengthen trusting 
emotions, because positive emotions circulate among 
those who express trust in behavioural ways, while 
negative emotions arise between those who betray or 
distrust each other. 
There is another view that comes close to this third 
dimension of trust in psychology which is put forward by 
Wong et al. (2008), who focused on systems in their 
research instead of people. They claim that trust consists 
of three dimensions: cognitive-based trust (derived from 
information sharing and knowledge), affect-based trust, 
and system-based trust (derived from communication 
systems and flows). However, as communication systems 
and processes are behaviours that arise from human 
operating systems, arguably system-based trust can be 
assumed to be an expression of behaviour trust. 
Ultimately, cognitive trust provides the basis for affective 
trust, which precedes the development of affective trust 
(Lewis and Weigert, 1985). However, as affective trust 
deepens, a reverse causal relationship between the trust 
dimensions becomes possible (McAllister, 1995). For 
example, with high affective trust, people may ignore 
negative facts and choose to trust others blindly. Besides, 
affective trust is intrinsically motivated to generate 
behaviour (Rempel, Holmes and Zanna, 1985). In other 
words, emotional communication is the bond that creates 
behavioural trust (Johnson and Grayson, 2005).  
When analysing the trust, the three dimensions need to be 
integrated and analysed together, because these 
dimensions are interpenetrating and mutually supportive. 
The “trust” is not complete unless the three dimensions 
are regarded as a whole. In sum, in psychology, it is 
widely recognised that trust includes cognitive trust, 
affective trust, and behavioural trust (Johnson and 
Grayson, 2005; Luhmann, 2018). 

The concept of trust in economics 
As mentioned above, the major difference between the 
definitions of trust in economics and psychology is 
whether trust is calculable or not. From the economic 
perspective, trust is calculable. A discussion of the 
dimensions of trust in this discipline will necessarily refer 
to calculative trust. 
Calculative trust describes a rational choice perspective 
(Kadefors, 2004). Trust occurs when the trusting party 
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believes that the trustee intends to perform an action that 
is beneficial to the trusting party (Lee et al., 2020). From 
this perspective, calculative trust is like the cognitive trust 
mentioned in psychology. But calculative trust in 
economics is a calculative process. Organisations or 
individuals calculate the costs or rewards of another party 
cheating or maintaining a relationship (Dasgupta, 1988; 
Williamson, 1993). Individuals are driven by their 
economic interests, while calculative trust in 
organisations is usually associated with financial 
incentives or contractual default clauses. References, 
certificates, diplomas and other information that convey 
the competence of potential partners may also influence 
calculative trust. In other words, calculative trust arises 
from the positive and negative consequences predicted by 
the parties involved in the collaboration (Williamson, 
1993). 
Apart from calculative trust, a second recognised 
dimension of trust is relational trust. Relational trust was 
first proposed by Rousseau et al. (1998) based on 
Williamson's study (Williamson, 1993). Subsequently, 
several studies have identified the second dimension of 
trust as relational trust (Kadefors, 2004; Lee et al., 2020). 
Relational trust is developed over time between 
individuals who interact repeatedly (Kadefors, 2004). In 
other words, relational trust develops through reciprocity 
and socio-emotional exchanges, which require a higher 
level of confidence in the partner  (Lee et al., 2020). 
Through this relationship, the parties involved have 
access to direct, personal experiences and information. 
This information forms the basis of trust. And emotions 
and personal attachments influence this relationship. 
There are psychological and social risks in addition to the 
trusting relationship which contains strong feelings and 
can entail financial risks. For instance, Jiang, Lu and Le 
(2016) show that relational trust has a more significant 
impact on project performance than calculative trust. 
Appropriate contractual controls and contingency 
adaptability give parties more confidence in sharing 
information because common interests are protected, and 
uncertainty is reduced. 
Views on the final dimension of trust in the economics 
school have not been as uniform as the first two 
dimensions of trust. Williamson (1993) claimed that the 
third dimension of trust is legal trust. However, Rousseau 
et al. (1998) argue that it should be institutional trust. This 
study follows Rousseau et al.’s study that the third 
dimension of trust is institutional trust as this seems to be 
the prominent dimension used most recently (Lee et al., 
2020). Besides, at the societal level, protecting individual 
rights and property by legal systems could be regarded as 
institutional trust (Fukuyama, 1996). 
Institutional trust can provide support for calculative and 
relational trust, such as sustaining trust behaviour and 
taking risks (Gulati, 1995; Sitkin, 1995). These supports 
can show at the organisational level, or the societal level. 
At the organisational level, the institutional trust could be 
seen from a culture of teamwork (Miles and Creed, 1995).  
In sum, in economics, trust is seen as involving 
calculative trust, relational trust, and institutional trust. 

The concept of trust in construction research 
After reviewing the concept of trust in psychology and 
economics, this section focuses on trust as it is discussed 
in construction research. 
The theory and dimensions of trust in construction 
research are not identical to other contexts due to the 
widespread uncertainty of ad-hoc collaboration and the 
complexity of construction projects (Wu et al., 2020). 
However, construction projects are made up of a series of 
human collaborations and economic transactions (Guo 
and Chen, 2020). Therefore, arguably, the definition of 
trust in the construction industry needs to draw on both 
psychology and economics. 
The dimensions of trust in the construction industry are 
not widely discussed in the existing literature. Therefore 
there is not a widely accepted definition of trust, neither 
there is any consensus on the relevant dimensions of trust. 
Manu (2014) classified trust in the construction industry 
into three categories: relationship, competence and 
system. Olatunji and Akanmu (2014) argued that trust 
includes cognitive-based trust, affect-based trust, 
calculus-based trust, difference-based trust, and 
institution-based trust. Qian and Papadonikolaki (2020) 
claimed that trust is classified as system-based trust, 
cognition-based trust, and relation-based trust. However, 
even though the above three studies used different terms 
to describe trust dimensions, these dimensions variously 
overlap with the dimensions of trust in psychology and 
economics, as well as with each other, to different extents. 
Besides, when researching trust problems, in addition to 
considering the dimensions of trust, there is also a 
consideration of a variety of trust relationships between 
individuals, between organisations, or between 
individuals and organisations (Panteli and Sockalingam, 
2005). For example, Khalfan, McDermott and Swan 
(2007) used a case study to analyse the interpersonal, 
inter-organisational, and project-related factors that 
influence developing trust in the Northwest of England 
construction industry. Similarly, Morgan Tuuli and 
Rowlinson (2010) summarised the antecedents of 
constructing trust at the individual level, team level, 
organisational level and project level. These studies 
highlight the vital factors which influence the 
development of trust might be different when dealing with 
different units of analysis (such as between individuals, 
between organisations, or between individuals and 
organisations). 
Overall, although trust is widely recognised as a key 
requirement in construction research and practice, the 
theoretical development of the concept has rather been 
limited and dispersed. The different dimensions and 
levels of analysis adopted by various conceptual works 
resulted in the lack of a consistent theoretical framework 
of trust in construction. 

The concept of trust in virtual collaboration 
relationship research 
Before the discussion of the trust dimensions relevant to 
BIM-enabled collaboration, this section will touch upon 
the literature on trust in virtual collaboration relationships 
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(VCR). Although little research explicitly studied trust in 
BIM-enabled collaboration, there has been some valuable 
research on building trust in VCR, which is similar to 
building trust in BIM-enabled collaboration. This means 
that factors affecting trust in VCR are relevant to the trust 
problems in BIM-enabled collaboration, making VCR a 
relevant area of research when developing a conceptual 
understanding of trust in BIM-enabled collaboration. This 
section presents two studies on the development of trust 
in a BIM-like environment (virtual collaboration 
relationship), which discuss the antecedents as well as the 
consequences of developing trust from different aspects. 
Building trust among all stakeholders in the construction 
industry is difficult because the supply chain in 
construction is highly fragmented. This is a similar 
problem of building trust and collaboration in a virtual 
team. Gardner, Kil and van Dam (2020) claimed that early 
trust in a virtual team is built based on: (1) cognitive trust 
such as personal experience, stereotypes, and reputation; 
(2) institution-based trust such as effective 
communication and contracts; and (3) disposition to trust 
such as willingness to depend on others and a basic faith 
in humanity. They discussed and concluded that cognitive 
trust and disposition trust may influence institution-based 
trust and argued that these three factors would help to 
develop the early trust, which is the foundation of late 
trust, as shown in Figure 2. 

 
Figure 2. Trust development on a virtual team (Gardner, Kil 

and van Dam, 2020) 
 

In another study about the relationship between 
interpersonal trust and virtual collaboration, Paul and 
McDaniel (2004) identified the types of interpersonal 
trust (calculative trust, competence trust, and relational 
trust) as well as the interrelationships between these 
different types of interpersonal trust. Specifically, 
calculative trust contains commitment and contract. 
Competence trust consists of the capability of an 
organization and the skills of a person. Relational trust 
includes friendship, shared identity, goodwill, and 
common values, as shown in Figure 3. According to this, 
calculative trust develops early trust. Further, with the 
combination of calculative trust and competence trust, an 
early trust may evolve into a deeper level of trust. 
However, relational trust is more influential in deeper and 
long-term trust relationships. 

 
Figure 3. Content of interpersonal trust and relationship 

among interpersonal trust and development of trust (Paul and 
McDaniel, 2004) 

 
Although they highlight different dimensions and 
interactions between these dimensions, a common aspect 
of these two studies is the emphasis on the 
interdependencies between the different dimensions of 
trust. Thus, these two studies imply that the 
interdependencies between different trust dimensions are 
a key concern when dealing with the concept of trust in 
virtual collaboration. 

Discussion: towards a theoretical framework of trust 
in BIM-enabled collaboration 
The theoretical foundations of trust are well established in 
psychology and economics while little research explored 
the trust framework in a BIM environment. BIM projects 
consist of people, a series of team activities and a series 
of economic transactions. Hence, it can be argued that it 
is appropriate to combine the concepts of trust from 
psychology and economics when studying trust in BIM-
enabled collaboration. Therefore, to better understand 
trust in BIM-enabled collaboration, further research needs 
to consider the six dimensions from psychology and 
economics: cognitive trust, affective trust, behaviour 
trust, calculative trust, relational trust, and institutional 
trust.  
Besides, based on the studies on trust in VCR, it becomes 
clear that it is essential to pay attention to the relationships 
between different trust dimensions and early trust (or 
long-term trust). Additionally, when dealing with the 
concept of trust, there is a need to consider what the 
principal unit of analysis is (e.g., individuals, 
organisations etc.). For these reasons, future studies of 
trust in BIM-enabled collaboration should carefully 
consider the relevant unit of analysis as well as the 
interdependencies between the dimensions of trust, when 
building theory. 

Conclusion 
BIM is proposed to solve collaboration issues in the 
construction industry. However, so far, BIM has not met 
the high expectations of radically improved collaboration. 
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As a key enabler of collaboration, trust is an important 
topic to be researched to improve BIM-enabled 
collaboration. However, there has been a paucity in this 
area of research. 
This paper critically reviewed the trust literature in 
psychology, economics, construction and virtual 
collaboration, to discuss the meaning and dimensions of 
trust in BIM-enabled collaboration. It is concluded that 
the trust dimensions in psychology and economics can be 
a useful starting point for building a theoretical 
framework of trust in BIM-enabled collaboration. Further 
empirical research is needed to explore and validate the 
dimensions of trust employed in psychology and 
economics in BIM-enabled collaboration. Such an 
exploration will also need to account for the 
interrelationships between the different dimensions of 
trust as well as the different units of analysis relevant to 
trust in BIM-enabled collaboration (e.g., individual, 
organisational etc.). 
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Abstract 

The studies conducted on Building Information Modeling 
methodology and its associated tools spotlight the related 
great improvement in managing the construction phase. 
This paper shows how BIM4D simulation can boost the 
accuracy of the temporal and economic forecast of the 
constructive intervention. This approach can reduce 
problems related to the incorrect interpretation of the 
work program because it is able to directly relate the 
information model with the work program in a single 
environment. Moreover, this contribution reports the 
strong improvement in the construction phase 
management by the integration of BIM 4D methods and 
tools and a geospatial 3D mapping platform. 

Introduction 
The building process appears rather complex (Zhang et al. 
2015) because it is the result of a high number of activities 
which involve many conflicting issues. The building 
production deals with prototype: each process is 
developed just one time. The building site is an open 
system in which each time is different the output, means 
and equipment, weather conditions, workers, suppliers 
and work context. Actually, such features cause low-
quality levels of the buildings and low levels of 
productivity (ASSOBIM  2019) and safety in the 
construction sector (ASSOBIM  2020). To deal with these 
criticalities construction management technics are used. 
They support work planning and process optimization. 
These technics and the related tools allow the simulation 
of many alternative operational scenarios to optimize the 
process in relation to the variables. However, one of the 
principal criticalities depends on the methods of the 
representation of the work plan which do not allow 
efficient and complete analysis of all the relevant issues. 
The traditional planning activity produces documents as 
charts and 2D layout plans. These outputs are totally 
independent of each other. This last feature does not allow 
an integrated vision of time and space variables. The 
integration activity between the work plan and the 2D 
layout plans are delegated to the capacity of the worker to 
virtualize mentally the building site evolution. These 
features cause a difficulty in controlling the interferences 
between activities and in managing safety issues. In 
addition, they allow a limited assessment of design 
alternatives of the building site scenario, to which is added 
the total absence of an environment for sharing and 
storing data and information, very useful for the 
management of the intervention. In this situation 4D BIM 
(3D + time) simulation (Argiolas et al. 2015) (Van and 
Quoc 2021), could improve the accuracy of the temporal 

and economic forecast of the constructive intervention. 
The use of BIM in the planning process can reduce 
problems related to the incorrect interpretation of the 
work program because it is able to directly relate the 
information model with the work program in a single 
environment. (Van and Quoc 2021). However, the 
building sector, particularly the building companies, has 
not yet invested in new organizational models and new 
digital technologies (ASSOBIM  2019), showing deep 
reticence towards innovation (Ciribini et al. 2019). 
Medium and small companies of the sector still believe 
that they cannot afford BIM methodology and tools. They 
assert that the cost of the BIM platform and the skills 
required are amortized in the case of projects with a 
significant budget but remain unsustainable for small 
businesses. The adoption of BIM is widespread in various 
countries of the world and is also increasing in Italy 
(Argiolas et al. 2015; Van and Quoc 2021), thanks to the 
thrust deriving from the “BIM Decree”. Despite BIM 
methodology could lead to interesting advantages 
(Eastman et al. 2011) it is not yet homogeneously 
implemented in all the steps of the building process. It 
presents a large use within the design phase but a lower 
use within the executive phase. The planning of the 
construction process is fundamental especially in crucial 
phases. Planning, in addition to improvements in project 
visualisation, offers greater quality assurance and timely 
delivery, improved collaboration and communication 
between participants(Azhar 2011; Georgiadou 2019). 

Literature Review and Gap 
BIM 4D methodology offers different uses (Agostinelli et 
al.)and advantages (Bataglin et al. 2020) on which many 
studies and experimentations have been conducted. The 
use for logistics management has been studied (Pham et 
al. 2020; Whitlock et al. 2021), for safety management 
(Antonino et al. 2019; Ciribini 2019; Pham et al. 2020), 
for the optimization of the construction process and site 
layout (Getuli and Capone 2018), for the management of 
spaces and resources, for the analysis of the workspaces 
(Mazars and Francis 2020), for the management and 
simulation of the flows of work vehicles (Sloot et al. 
2019),  for risk mitigation (Martínez et al. 2019) and for 
the detection of space-time interference among activities.  
The studies on BIM 4D use in the pre-construction phase 
(Li et al. 2009; Balakina et al. 2018) provide valid 
references on implementation methods and procedures, 
highlighting results and advantages of this methodology: 
optimization of time, costs, safety, compliance, 
communication as well as improving the final quality of 
the product (Getuli and Capone 2018). Due to its impact 
on safety and productivity issues on construction sites, 
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several site layout planning models have been developed 
over the past decades. Construction site layout modeling 
has a strong and close interaction with construction 
planning, scheduling, and cost estimation processes. The 
poor representation of the construction site layout can lead 
to poor quality results, additional costs and project delays 
(Sebt et al. 2008; Diakite and Zlatanova 2020). Some 
studies define issues and possible solutions in terms of the 
construction site layout modeling (Sadeghpour and 
Andayesh 2015). Construction site layout modeling is 
important for two main reasons: (1) checking of the space 
available for processing and (2) referring to the territorial 
context (Sadeghpour and Andayesh 2015). All the 
resources on a construction site (building elements, 
temporary structures, materials, equipment, machinery, 
and workers) take up space and are therefore potential 
sources of interference among operational tasks. The 
accurate definition of these taxonomies improves the 
visual interpretation of the space requirements of the site 
and sets the stage for the analysis of the space-time 
conflict. (Karan and Irizarry 2015). Furthermore, the 
importance of knowing the territorial context in which the 
construction site is located is clear. The construction site, 
in fact, is an open system in which the flows to and from 
the surrounding territorial context have a deep influence 
on the organization and planning of the operational tasks 
and the construction site layout (movements to and from 
landfills for the management of waste materials, transfers 
from material suppliers, vehicle and pedestrian access, 
storage areas, etc.). For the above reasons it is clear how 
strategic the BIM-GIS integration is. BIM-GIS 
integration research has only begun in the last decade (Su 
et al. 2012). BIM and GIS are two types of systems that 
manage data at different scales: the physical scale of the 
building and the scale of the geographic space (Barazzetti 
and Banfi 2017). It is therefore easy to understand that the 
integration of these systems can provide valuable support 
for the management of the construction phase of the 
building [ (Arroyo Ohori et al. 2018). The BIM system 
manages geometric and semantic information useful 
during the entire life cycle of the building (Butkovic et al. 
2019), while the geographic information systems (GIS) 
are able to manage and analyse data associated with a 
place on earth (Nechyporchuk and Bašková 2020). The 
differences between the two systems make BIM-GIS 
integration difficult. The BIM-GIS integration topic 
includes different approaches and different applications, 
without a clear path and with a heterogeneous 
understanding of the term “integration” (De Gaetani et al. 
2020). Recently some studies reported some results that 
encourage the combination of these systems and related 
technologies with the semantic web (Arroyo Ohori et al. 
2018). Free online resources, including Google Earth 
(GE), transformed the way design professionals handle 
spatial data (Di Giuda et al. 2017). To deal with 
unstructured data some studies focused on extended 
markup language (XML). Web GIS, LandXML, 
CityGML and KML formats are based on XML (Li and 
Lu 2018). This language, also adopted by Google Earth, 

is particularly useful to visualize the site of a specific 
project. It also presents a good possibility for its 
integration with BIM oriented tools but this kind of 
integration to manage the building construction phase is 
not currently explored (Li and Lu 2018). The survey 
methods that use geomatic tools, such as total stations, 
laser scanners to build the context require significant 
economic resources for the adoption of the equipment as 
well as a high level of competence for its correct use. In 
addition, they require a lot of work for both relief and 
restitution. Resources such as Google Earth, allow taking 
advantage of data and information related to the context 
with a sufficient level of precision, proportionate to the 
needs of small and medium-sized companies of the 
construction sector, and with reduced technological 
barriers. (Li and Lu 2018) However, the process of 
integrating these resources with BIM platforms still 
requires some manual adaptation procedures. 

Research Contribution 
The experimentation phase of the research project was 
conducted on a case study of historical-architectural 
interest: the Mandolesi Pavilion of the Faculty of Cagliari. 
It involved the implementation of a 4D BIM approach to 
defining in detail the evolution of the construction site in 
a scenario of energy efficiency of the building chosen as 
a case study. The workflow put in place is divided into 
three macro-phases starting from a preliminary process of 
knowledge and information modeling of the building. The 
4D BIM of the intervention was developed starting from 
an information model of the building, already developed 
in previous research works. To consider the information 
of the territorial context in which the building is located, 
an opensource geospatial 3D mapping platform plugin 
was adopted. It uses the system adopted by Google Earth 
for the retrieval of geographic information and for their 
association with the BIM model of the building through a 
semi-automatic process. The association of digital terrain 
models to the BIM model of the building allow to obtain 
a valid support for the subsequent planning phase of the 
intervention on site. Finally, 4D BIM was obtained by 
integrating data and information coming from the 
planning activity of the construction tasks. It is a process 
that does not require a high level of GIS skills and allows 
to obtain territorial information quickly and easily. It also 
allows to reach a level of detail compliance with the needs 
of small and medium-sized companies of the construction 
sector in maintenance interventions on the existing 
buildings. Although the geographic data from Google 
Earth have already been adopted for various purposes and 
in association with other tools, currently there are no use 
cases in the planning of the construction site. 
The paper is organized as follows. Section 2, Materials 
and Methods, presents and discusses the methodology and 
tools used. In addition, this section presents the case study 
and the workflow adopted. Section 3 presents the analysis 
and discussion of the results. Finally, the conclusions and 
future development are presented in Section 4. 
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Materials and Methods 

 
Figure 1: 4D BIM simulation 

Case study 
The case study, the Mandolesi Pavilion of the Faculty of 
Cagliari, is a historic building of particular architectural 
and iconic value designed in 1964 by Enrico Mandolesi 
and completed in 1970. (Di Giuda et al. 2017). It is 
articulated in an underground floor, a pilotis ground floor 
and two upper floors. On the pilotis level, there are two 
floors in elevation with decisive projections; the base uses 
the level difference with the road to insert a basement that 
houses laboratories for large equipment and a large 
double-height Great Hall (Di Giuda et al. 2017; Li and Lu 
2018).  The upper floors are divided longitudinally into 
three functional areas: those on the edges, which 
correspond to the projecting parts, include study and 
research areas; while in the central strip, there are service 
blocks (toilets, staircase and lift) which define the 
beginning and the end of a sequence of areas for research 
and teaching activities, lit by six large cavaedia and two 
smaller ones. The pilotis system along with the roof, 
which alludes to the large garden terraces of Le Corbusier, 
constitute the leisure areas and serve as a mediator space 
between the two upper floors and the underground floor. 
Flexibility is the principal element of the programme and 
is considered by the designer as a “tangible sign of 
mobility, a fundamental characteristic of our age”. The 
use of a reinforced concrete frame is therefore 
understandable since it can create wide projections and 
providing a flexible internal distribution. In the upper 
floors, the structural pattern has a regular pitch. It consists 
of two rows of nine pillars, strongly recessed from the 
façade, which supports two longitudinal “T”-shaped 
beams 90 metres long. Cantilever portions are 4 metres on 
the pilotis level and 5 metres on the roof level. This aspect, 
along with the slots below the slabs, that denounce the 
non-structural nature of the façade panels, emphasises the 
horizontality that governs the geometry of the building. 
Staircases and lifts are made of exposed reinforced 
concrete septa, which are independent of the load-bearing 
structure. The ramps consist of steps prefabricated in-situ 
that are slotted in the septa and are lit and ventilated by 
small openings on the wall and by the cavaedia, towards 
which the distribution corridors overlook. The external 
wall consists of only 6 cm thick prefabricated concrete 
panel, with a layer of 3 cm of glass wool, an air gap of 17 

cm and a layer on the inside made of solid square bricks 
6x6x24, obtained by cutting in half the “double UNI” 
brick. The concrete panels are fixed on the edge of the slab 
by "T" elements in profiled iron embedded when the slab 
is cast. The iron frame is not only the support for the 
concrete panels but also for the windows that close the slot 
between the slab and the underlying concrete panels 
(Sanna et al. 2017). The Pavilion is over 50 years old. This 
time obviously had its consequences in terms of physical 
obsolescence, thermal comfort, energy consumption and 
what we now call “building sustainability” and “energy 
efficiency (Di Giuda et al. 2018; Sanna et al. 2019). These 
issues have led to planning a retrofit intervention that 
focused on the replacement of the entire opaque and 
transparent building envelope. The workflow, 
synthetically presented in par. 1.2 (Research contribute), 
will be detailed in the following section. It is focused on 
the retrofit intervention to provide support to the planning 
phase of on-site construction tasks.  
 
Workflow 
This paper reports ongoing research which has its roots in 
PRELuDE3 research goal was to make the energy audit 
procedures on the existing building stock more efficient, 
capitalizing the results in an information model. The 
model allows a faithful representation of the building to 
plan the most appropriate intervention on a shared basis 
of knowledge. For this reason, the first steps of the 
research project focused on the building's recognition 
analysis to achieve the deep knowledge of it (Sanna et al. 
2017). Then the selection of the information to be 
capitalized was carried out and the development of the 
informative model started (the tool used was Revit 
Autodesk). Each virtual element (Revit family) that 
represents the real component of the building was defined 
in terms of shape, dimension and thickness. Each virtual 
element was integrated by information and data which 
referred to function, material features, techniques and 
constructive technologies used, level and type of 
degrading, residual performances and indications for 
maintenance interventions (Di Giuda et al. 2018; Sanna et 
al. 2019)]. The BIM model of the building already 
developed in the Prelude project was a valuable source of 
information for studying and planning the retrofit 
intervention. For this reason, it can be considered a 
starting point for the workflow used in the 
experimentation. This workflow is divided into two 
macro-phases as described below. 
 

 
Figure 2: Workflow adopted 
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Macro-phase 1: 3D model and ABS structure 

The workflow started with the creation of the site 
information model. It was obtained by integrating the 
BIM information model of the building, the information 
model of the territorial context and the set of virtual 
objects that faithfully represent the characteristics and  
workspaces of the means and preparations necessary to 
develop the works. The CADtoEarth ™ plug-in 
(Sadeghpour and Andayesh 2015) for Revit was used to 
create the context information model.  

It allows to frame the site area and to represent it as a 
three-dimensional-information model through internal 
data processing. It represents the topography of the area 
together with simple volumes that reproduce the 
surrounding buildings. The information model of the 
context obtained was associated with the BIM model of 
the building. However, it was useful to manually add 
some details near the building to represent the border 
elements between the building and the context (ramps, 
stairways, etc.). In addition, 2D CAD floor plans were 
used at this stage to verify and correct the terrain model 
elevations. The integration of a few control points, allow 
the centimetre accuracy of the reconstruction of the area 
in a much faster way than a traditional process. Based on 
the integrated building-context information model, a 
preliminary analysis was made of the temporary 
equipment necessary to carry out the tasks on site and 
suitable for the specific situation. The next step was 
importing into the information model the virtual objects 
that faithfully represent the characteristics and 
workspaces of the vehicles and equipment chosen. With 
this approach, various construction site layouts have been 

developed. Among these, the one capable to optimize the 
work and giving the least discomfort to the ordinary 
activities of the building was selected.  
A first advantage for the planning of construction site 
activities was obtained by the 3D model of the building 
and the context in which it is established. The Mandolesi 
pavilion is located inside a university campus which is 
characterized by the dense presence of buildings of 
different height and size. The ground of the Campus has 
numerous height differences, there are predefined 
pedestrian and vehicular paths and a big garden with 
planting and fixed furniture to be preserved. The 
Mandolesi pavilion has a basement that is larger than the 
footprint of the upper floors above ground. This basement 
is roofed with a concrete slab not suitable for the weight 
of the vehicles and on which are located many skylights. 
All these aspects made the 3D model very useful. It can 
create a reliable informative base for developing the most 
suitable construction site layout. The university campus to 
which the Mandolesi pavilion belongs is composed of 
further buildings and is heavily frequented by students, 
researchers, and administrative staff whose activities must 
be able to continue without interruptions but also without 
risks related to interference with the work site activities. 
Starting from these critical points, two different 
construction site layouts were configured to avoid the 
complete closure of the building and of a very large 
portion of the external spaces shared with the other 
buildings. The analysis of the information about the 
building, its internal distribution, the activities carried on 
within it (rooms uses) as well as the characteristics of the 
building's context led to the development of two site 
layouts in temporal sequence. This solution could 
guarantee only the partial closure of the building under 
intervention and the adjacent external spaces. Using a 
three-dimensional prototypical approach, the vehicles and 
equipment to be used on the construction site were 
integrated into the 3D model. The fence path was 
carefully chosen, integrating the needs of the campus 
users with the needs of the staff employed on the site. The 
virtual fence object was inserted, validating, in relation to 
the specific context, the type, the height and the 
dimensions of each module. Moreover, vehicles and 
pedestrian accesses were specified by inserting virtual 
objects in the model showing type, position, and size of 
those to be used during the works. The 3D model was then 
integrated with virtual objects representing the vehicles to 
be used, the prefabricated boxes and toilets for workers, 
and the tower crane. The 3D model validated the crane's 
dimensional characteristics (tower height of 35m and 
boom length of 40m) and its specific dimensions 
(3.5x3.5m wide base) in relation to the needs of replacing 
the vertical opaque and transparent envelope; the space 
provided for the stacking of waste materials and storage 
areas for the envelope components to be installed was also 
included in the model. The introduction of the virtual 
scaffolding object chosen for the specific project made it 
possible to achieve a realistic configuration, considering 
in a detailed and specific manner the coherence with the 

Figure 4: The spatial model extracted from the plug-in and 
integrated with the building information model and road layout
into software Autodesk Revit. 

Figure 3: Geospatial 3D mapping platform CADtoEarth. 
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morphological characteristics of the building (e.g., the 
overhangs of one floor with respect to the upper one) and 
of the ground and the relative height differences. Finally, 
the inclusion of virtual objects representing the rubble 
disposal pipes for dropping demolition materials from the 
innermost layers of the opaque envelope to the ground 
was fundamental in defining their position and necessary 
length in relation to the paths allowed for lorries to collect 
and transport this material to the landfill. With the 
assessments and the preliminary choices made, it was 
possible to proceed with the decomposition of the 
construction process using the ABS (Activity Breakdown 
Structure) technique. The processing tasks and sub-tasks 
were then identified, and the work program was defined. 
Within the Microsoft Project software, it was possible to 
schedule the operations: the dependency constraints 
between the tasks were imposed; resources (workers, 
materials, equipment and means) have been assigned to 
each activity and then their times were estimated. The 
specific safety measures were also evaluated by defining 
the use of precise DPCs to be adopted during processing.  

Macro-phase 2: 4D BIM 

In the second macro-phase, the 4D BIM model of the 
intervention was developed. The elements of the BIM 
information model intended to converge towards the 4D 
BIM environment have been identified through a 
parameter. This parameter, identified through a unique 
code (Argiolas et al. 2015), creates a connection between 
the activities of the work program developed within the 
tool Project Planner and all the components of the 
construction site information model, including all the 
necessary means and equipment. After these additions, 
exports were made: the information model of the 
construction site was exported in NWC format, while the 
work program was exported to MPP. These were then 
imported into Navisworks taking care to use the suitable 
configurations to keep all the useful data. To ensure that 
the files can also be updated and synchronized, they were 
saved in NWF format.  

 
Figure 5:  Navisworks Manage - The timeline associated with 
ABS. 

In this phase, to obtain a good program and a realistic 
simulation of the evolution of the construction site, the 
times of the activities were estimated. The estimated times 
were integrated into the Microsoft Project operating 

program and then, through synchronization, reported in 
the 4D BIM environment. 
The movement of the means and equipment were then 
simulated thanks to the tools available in the Navisworks 
application. Completed this process it was possible to 
export the simulation in the form of video. 
 

 
Figure 6:  Navisworks Manage - Creating a 4D Simulation. 

The 4D BIM model was used to simulate the operational 
sequences and to validate and/or modify the choices made 
in the previous phase. The simulation was essential to 
verify the feasibility of the two consecutive construction 
site layouts and the partial closure of the building and 
adjacent outdoor spaces. Ensuring the total absence of 
interference between the activities of the building in the 
normal operational phase and the site activities to be 
carried on in the portion of the building involved in the 
first phase of the intervention was central. The position of 
the tower crane in both layouts was validated. In more 
detail, the removal of the original envelope panels and 
fixtures and the subsequent replacement with new panels 
and fixtures is a critical operation due to the considerable 
size and weight of each element. The 4D simulation of 
this operation involving scaffolders and cranes made it 
possible to study in detail the various operating 
sequences, the associated safety risks and, consequently, 
the most suitable procedure and protective devices to 
guarantee the safety of the site operators involved in this 
work, but also of the users outside the site who pass 
through areas extremely close to the work areas. This 
simulation is extremely effective in training the operators 
involved, who can have a clear and realistic dynamic 
representation of how they will have to carry on that 
activity, with what procedures and equipment. In addition, 
the 4D simulation was essential to verify the congruence 
between the vehicles chosen and inserted in the 3D model, 
their workspaces, and paths for their movement on site 
and the workers' pedestrian flows. Because the spaces 
inside the site are very limited, the dynamic representation 
of the vehicles and operators made it possible to identify 
several interferences and to resolve them by redefining 
these paths (in particular, the pedestrian path adjacent to 
toilet for the workers was redefined to solve the initial 

Page 501 of 605



overlap with the route of the vehicles). The 4D simulation 
has allowed to verify the operating sequences identifying 
in some cases space-time interferences. For example, for 
scaffold set up and replacement of the transparent and 
opaque envelope activities, the 4D simulation showed that 
it was impossible to easily perform the removal of the 
panels and frames on the first level with the presence of 
the scaffold to the top level of the building. During this 
work, the scaffold, with its bracing and safety railing, as 
well as the frames themselves, represents an obstacle to 
the passage of the panels and frames of considerable size 
to be removed at the first level; for this reason, the phases 
and their succession have been reorganized. Originally, it 
was planned to set up the entire scaffolding, carrying on 
with the removal of the envelop elements from the top 
level of the building to the lower ones. These activities 
sequence immediately shows an important interference 
between the movement of the envelope elements to be 
removed at the first level of the building and the 
scaffolding frame.  Hence a new activities sequence is 
planned. It forecasts to set up the first level of the 
scaffolding, to remove panels and fixtures of the building 
envelope related to this level, to set up the scaffolding 
frame on the second (the last) level of the building and 
finally to remove its envelope elements. Therefore, the 
scaffolding set up was divided into two different phases.  
Besides the reconfiguration of the scaffolding set up 
activity, the new envelop elements installation sequences 
are rearticulated. Because the entire scaffolding frame 
causes interference also during the new envelope 
elements of the first level of the building set up, the new 
activities sequence forecasts to remove the scaffolding 
frame of each level of the building before setting up the 
new envelop of the same level of the building. 

Conclusion and future research   
The production process in construction, which has always 
been kept far from innovation experiences compared to 
other economic sectors, today must deal with an 
inevitable growth process in which the keywords are 
undoubted: planning, digitization, sharing. The planning 
and programming activities can make the whole 
production process more balanced with a high probability 
of achieving the set objectives. The purpose of the 
Construction Management approach is to foresee the 
development of the intervention to optimize construction 
times, the use of human resources and available materials 
and the costs as well as to meet the quality and customer 
performance requirements. There are many planning and 
programming tools that can offer valid support for the 
management of the execution phase. However, many 
critical issues are associated with these tools, including 
the representative methods that do not allow efficient and 
complete analysis of all the critical issues. The traditional 
planning activity produces documents as charts and 2D 
layout plans. These outputs are totally independent to 

each other. This last feature does not allow an integrated 
vision of time and space variables. The integration 
activity between the work plan and the 2D layout plans is 
delegated to the capacity of the worker to mentally 
virtualize the building site evolution. These features cause 
difficulty in controlling the interferences between 
activities and in managing safety issues. In addition, they 
allow a limited assessment (in terms of number and 
quality) of design alternatives of the building site 
scenario, to which is added the total absence of an 
environment for sharing and storing data and information, 
very useful for the management of the intervention. This 
research shows how 4D BIM simulation could improve 
the accuracy of the temporal and economic forecast of the 
constructive intervention. The use of BIM in the planning 
process can reduce problems related to the incorrect 
interpretation of the work program because it is able to 
directly relate the information model with the work 
program in a single environment. The development of the 
animation of the operational program capable of showing 
the building under construction in 3D from start to finish, 
guarantees: 
-greater effectiveness in communicating the steps of the 
works to the clients; -a better understanding of the scope 
and timing of the work of subcontractors and suppliers 
involved. The simulation of the construction phases also 
allows the possibility of making conscious and effective 
choices with respect to the site layout most suitable for the 
specific case, the operational sequences, the resources to 
be allocated, the actual execution times, safety 
management, etc. All this is achievable if the informative 
modeling of the building is accompanied by the modeling 
of the territorial context. The benefits of BIM-GIS 
integration are currently stimulating research. However, 
the survey methods that use geomatic tools, such as total 
stations, laser scanners to build the context require 
significant economic resources for the adoption of the 
equipment as well as a high level of competence for its 
correct use. In addition, they require a lot of work for both 
relief and restitution. These systems are prohibitive for 
small and medium-sized companies engaged in the 
maintenance and refurbishment of existing buildings. In 
this regard, the contribution proposes the use of resources 
such as Google Earth which allow taking advantage of 
data and information related to the context with a 
sufficient level of precision, proportionate to the needs of 
small and medium-sized companies of the construction 
sector and with reduced technological barriers. It is a 
process that does not require a high level of GIS skills and 
allows to obtain territorial information quickly and easily. 
The results obtained during the experimentation on the 
building chosen as a case study confirmed the advantages.  
However, this approach leads to a necessary growth of all 
the subjects involved in the construction phase of a 
building. A great competence in dealing with BIM 
platforms and their interaction with construction 
management tool is essential. However, this 
methodological approach it’s useful when we deal with 
interventions on the existing buildings of high 
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architectural and iconic value as the case study reported 
on this contribute. In these cases, many issues are 
intertwined: limited spaces in which construction site 
layout is articulated; buildings in which relevant activities 
are carried on (they cannot be totally closed, and the 
development of more temporal subsequent layouts is 
necessary to reduce impact on the ordinary activities of 
the buildings and of the adjacent spaces).  In this kind of 
construction sites safety management is a critical issue 
both for workers and inhabitants who fill adjacent 
buildings and external spaces.   
This contribution does not intend to propose an 
overturning of good practices relating to traditional 
planning and programming activities currently in use but 
rather an integration and optimization with BIM and GIS 
tools. However, it is important to highlight the need to 
improve the geospatial 3D mapping platform systems in 
terms of quality and accuracy of the data relating to the 
territorial context. This would ensure the reduction of the 
manual adjustment activity that is currently necessary to 
obtain a good integration between the building model and 
the model of the territorial context. Finally, the results 
presented will be further developed through the 
integration of technologies capable of improving the 
approach to operational planning. In this regard we will 
refer to Virtual Reality, Augmented and Mixed Reality, 
Game Engine (Getuli and Capone 2018; Zaker and 
Coloma 2018; Ciribini 2019; Ciribini et al. 2019) which 
are showing strong potential (Delgado et al. 2020). 
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Abstract

Maintenance of industrial facilities is a growing hazard
due to the cumbersome process needed to identify infras-
tructure degradation. Digital Twins have the potential to
improve maintenance by monitoring the continuous digital
representation of infrastructure. However, the time needed
to map the existing geometry makes their use prohibitive.
We previously developed class segmentation algorithms to
automate digital twinning, however a vast amount of an-
notated point clouds is needed. Currently, synthetic data
generation for automated segmentation is non-existent. We
used Helios++ to automatically segment point clouds from
3D models. Our research has the potential to pave the
ground for efficient industrial class segmentation.

Introduction

Currently, there is an infrastructure investment gap, and
worldwide professional entities are developing solutions to
close it. The China Belt and Road is an initiative to evaluate
long-term strategies that improve infrastructure in differ-
ent continents such as Africa, Europe, Australia, Asia, and
Latin America (Organization for Economic Co-operation
and Development 2018). The strategy is implemented due
to the urgent need to alleviate the excessive amounts of
global infrastructure failing short by $0.35-0.37 trillion
per year (McKinsey 2016). Globally, the improvement of
road infrastructure falls into an investment of $0.44 tril-
lion annually. However, the needs will not be met these
coming years (Miyamoto & Wu 2018). According to the
Department of Energy in the United States, the cost of
power outages is up to $70 billion annually leading the
country to a required minimum investment of $65 billion
to support development of energy infrastructure (House
2021). Infrastructure investments are even more signifi-
cant for fast growing industries, such as the manufacturing
industry (with 35% productivity growth), which creates
an outsize economic impact in the United States (Insti-
tute 2021). Therefore, the high value of manufacturing
assets to our economies necessitates the need to properly
maintain the industrial sector.
The United States spends $50 billion per year due to poor
maintenance of industrial facilities, and existing documen-
tation is not enough to prevent deterioration of the indus-
trial building stock (Thomas & Thomas 2018). This is a
consequence of the aging industrial building stock. Build-
ings require periodic maintenance, especially those built in
the 20th century, where the replacement of major systems

is needed to avoid failure. To give an example, 72% of ex-
isting facilities in the United States are over 20 years old,
requiring a high financial maintenance cost (The Ameri-
can Institute of Architects and Rocky Mountain Institute
2013). The life cycle of industrial facilities represents a
high value in maintenance worldwide; the United States
Pipeline and Hazardous materials Safety Administration
has on record more than 10,000 failures in oil and gas
pipelines in the country, which resulted in $6 billion finan-
cial losses (US Department of Transportation 2016). Poor
maintenance of existing and growing factories is affecting
the territory’s economy. It is essential to highlight that U.S
Oil plants are running at a capacity of 82%, reflecting a
10% decrease in the average production capacity. The ex-
tended problem results from the cutbacks of maintenance,
which makes it harder to improve production for the future
by (Sanicola, Seba 2021). In addition to that, there are time
constraints on how long equipment and industrial elements
can be stopped without affecting production. Production
boundaries cannot be crossed without paying additional
expenses. Given the market needs, this paper contributes
to the use of advanced point cloud processing methods to
alleviate the harm and minimize time spent on the creation
of 3D representations of industrial parts, which can then
accelerate maintenance and lower costs.
3D modeling and digital twinning. 3D digital mod-
els have gradually shifted the construction industry stan-
dards a step ahead from 2D drawings to highly detailed
3D object-based information systems (Migilinskas et al.
2013). Building Information Models (BIM) have been ex-
tensively used in the past decades for the construction of
new buildings. However, the process of generating BIM
for operating existing facilities remains cumbersome.
The first 3D BIM software was released in 1970. As a
result, constructed buildings built before the 1970’s lack
the existence of 3D models that describe the design, func-
tional, and operating systems of buildings and their compo-
nents (Eastman et al. 1974). BIM has been implemented
in the United Kingdom (UK) and the United States at a
faster rate compared to other countries. For example, 73%
of construction professionals in the UK reported using
BIM (Statista 2022). However, there is a need to improve
productivity when generating BIM models. The most
widely used software modeling packages are Autodesk,
Clearedge3D, and AVEVA, because they have tools that
allow the 3D modeling of mechanical and piping equip-
ment. Still, they require highly qualified labor to achieve
accurate modeling results, since humans rely on manual
layering and recognition of shapes. The generation of a 3D
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model is a step forward towards the generation of a digital
copy of the existing conditions of industrial facilities. The
possible existing gap of using 3D models is the continuous
representation of the life cycle of facilities.
In contrast to BIM, a Digital Twin (DT) is not just a digital
copy of the infrastructure. It is a geometrically accurate
replica of the existing conditions and it is able to show
changes, while being connected to its physical counter-
parts (Sacks et al. 2020, IET 2019). The concept of DT was
originally created by NASA, and it is defined as the contin-
uous improvement in the generation of product design and
engineering practices (Glaessgen & Stargel 2012). A DT
represents the life cycle of a facility, including detailed in-
formation that can promote proactive maintenance of the
facility, lowering the cost of unknown failures to come.
DTs incorporate a plethora of data sources, in order to rep-
resent existing facilities accurately. As an example, DTs
allow builders to save 15-25% in the infrastructure market
by 2025, because they help monitor the inefficiencies en-
abling accurate maintenance repairs (Barbosa et al. 2017,
Gerbert et al. 2016).
3D data capturing of the geometry of existing industrial
facilities plays a pivotal role in cost, and it is one of the
most labor-intensive processes in the generation of a DT
(Hullo et al. 2015). This process is known as geometric
digital twinning (Agapaki & Brilakis 2021).
Speeding the process of 3D geometric digital twinning
will result in immediate access to documentation, facili-
tating owners and engineering teams to gather information,
improving the decision-making processes that can lead to
proactive maintenance of industrial facilities. Also, imple-
menting state-of-the-art deep learning algorithms can help
reduce the 3D modeling time and cost. However, databases
of labeled, virtual laser-scanned industrial facilities need to
be developed to generate the input. That is why this paper
proposes the generation of synthetic, labeled datasets to
test whether this input can be used in existing point cloud
processing algorithms by (Agapaki & Brilakis 2020). The
milestone is to reduce labor-extensive work for easier adop-
tion of deep learning algorithms. Class segmentation is
an approach that can classify a remotely sensed image
based on image segments (Agapaki & Brilakis 2020). The
implementation of class segmentation contributes to the
interpretation of objects with better accuracy regarding its
components and condition of mechanical parts. An exam-
ple of data that is successful by the implementation of class
segmentation is the CLOI dataset. The point cloud dataset
named CLOI is defined as a “novel class segmentation
solution that consists of an optimized PointNET++ based
deep learning network and post-processing algorithms that
enforce stronger contextual relationships per point”. The
CLOI dataset is based on class segmentation generated
by Terrestrial Laser Scanners, and it was developed to
efficiently minimize the cost and manual labor during the
generation of industrial objects (Agapaki & Brilakis 2020).
The current constraint is that real-world data is limited.
The focus of this investigation is to generate synthetic

data to test the ability of class segmentation algorithms
on classifying laser scanned data obtained by virtual laser
scanners.

Background

Simulations are vital for finding suitable parameters of
virtual laser scanners due to the lack of labeled point cloud
data. However, there is no commercial virtual laser scanner
that generates point clouds that include information on the
existing conditions of industrial facilities. Simulation tools
developed in the literature for engineering and science
purposes provide a tool for analyzing existing options of
generating data by (Oden et al. 2006). They give space
to improve the efficiency of point cloud segmentation by
creating different scenarios (i.e., changing the parameters
of a 3D model). Point cloud simulation requires two main
inputs: (a) a 3D model of the facility to be scanned and (b)
information regarding the sensor used.
The input 3D model should provide spatial relationships
required to create a representative 3D point cloud. Simple
triangulated mesh models are insufficient for automating
the labeling of simulated point cloud data, because they
lack the semantic information and component labels re-
quired to determine which class/object category each point
should belong to. Synthetic point clouds or meshes gen-
erated from 3D models without the parameters of a real
laser scanner are "perfect", but they cannot represent the
actual real conditions. As a result, it is necessary to gen-
erate synthetic point clouds with parameters of real laser
scanners. BIM models contain the 3D spatial and seman-
tic data needed for automated labeling of simulated point
cloud data. The Industry Foundation Classes (IFC) BIM
format is a convenient, free, and interoperable to use for-
mat for this purpose by (Agapaki et al. 2018).
IFC is a data model that presents a metadata set estab-
lished by buildingSMART. The IFC format includes BIM
representations with well-defined characteristics of build-
ing components. The IFC standard incorporates terms,
concepts, and data specification elements. IFC is a format
in which each element represents its geometric shape. The
IFC format allows the modification of parameters during
3D modeling, giving the advantage of being implemented
in research instead of other BIM representations by (Aga-
paki et al. 2018). 3D representations such as CAD 3D
meshes could be “sparse and irregular” to manage. In this
case, it is necessary to compare results to initial parame-
ters to recover values to assess the accuracy of the method
by (Bénière et al. 2013). It can be concluded that the IFC
format allows users to have a smoother manipulation of
3D models.
3D representations of laser scanned data rely on under-
standing the simulation and computational needs for spe-
cific problems. Different simulations depend on the type
of input scene model and how the interaction between the
laser scanner and the object is modeled (Winiwarter et al.
2021). In the next sections, we analyze simulation plat-
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forms that can generate virtual laser scanned data with
their parameters as well as existing synthetically generated
point cloud datasets.

Analysis of Virtual Laser Scanners

The study focuses on finding the most precise virtual laser
scanners with parameters that allow the modification of
sensor specifications and settings to produce labeled point
cloud data of industrial facilities. We focus on four laser
scanners, of which three are virtual laser scanners named:
Helios, Helios++, BlenSor; and one is a commercial sim-
ulation tool named: VirScan3D (Chizhova et al. 2021,
Bechtold & Höfle 2016). VirScan3D is a terrestrial laser
scanner simulator designed as an educational tool where
independent users from university courses execute testing
results. Yet, the results have to be evaluated to analyze its
functionality. The goal of the laser scanner is to provide a
tool for teaching purposes (Chizhova et al. 2021). The au-
thors have not made the inner workings of the algorithms
used in the VirScan3D software available. Therefore, it is
excluded from further analysis.
The Helios library has a core package and various mod-
ules that perform tasks. The platform component simu-
lates where the scanner is mounted with various param-
eters that can be adjusted to represent specific classes
(Four-wheel ground vehicle with one steerable axle, he-
licopter/multicopter, simple linear interpolated movement
along straight lines, and a dummy platform without move-
ment code). The scene component contains a data structure
that holds scene geometries and materials. A scene in He-
lios is defined as a triangle mesh that holds as reference
a “material definition” able to describe physical proper-
ties of the scanned surface. Also, point cloud simulations
use ray-casting for the transmission of laser pulses from
the laser scanner to the scenes surfaces allowing a set of
recommendations for optimal scanner positions. Finally,
the scanner component is the actual scanner. On the other
hand, Helios presents limitations on detecting collision,
but it can capture movement such as the ones from vegeta-
tion with certain freedom. To date, the current state of the
software only allows indirect control of the scanner by the
XML configuration files, and the survey playback module.
Future applications propose a graphical front-end to allow
direct interaction with laser scanners. (Bechtold & Höfle
2016).
An application of HELIOS was investigated on a sam-
ple industrial dataset by (Noichl et al. 2021). The study
compared real laser scans and synthetically created point
clouds. The differences presented in the results of both
scenarios were due to the inaccuracies of the laser scanner
itself. The primary concern is the deviation of the model
and the appropriate format of geometric information rep-
resentation. Data was less noisy than the real laser scanned
point cloud, as a result less realistic. The study concluded
that synthetic data used relies extensively on higher preci-
sion of the laser scanner because it will perform worse in

real data.

As the evolution of Helios, a newer version of a laser
scanner plays a pivotal role, called Helios++. Helios++,
compared to Helios, presents an 83% reduction in runtimes
and 94% less memory requirements. It simulates beam di-
vergence using a subsampling strategy, and it creates full-
waveform outputs as the basis for analysis. HELIOS++
ensures that the angular distance between adjacent sub-
rays is approximately constant, allowing the combination
of input data from multiple sources and data formats. It is
classified into two main categories: transmissive and non-
transmissive. The transmissive pulse stops when an object
with a dash is approaching, and the non-transmissive goes
on until unlimited distance. This version allows a faster
and easier generation of labeled training data. Data does
not suffer from ground truth errors because when the net-
work has learned to represent data, it can be modified to
real data by adding small amounts of training data. As
a result, it permits the generation of labeled point cloud
data, which cuts the costs and provides the possibility of
generating a massive amount of training data. However,
files might not be supported by the current memory. In
this case, a two-stage algorithm is implemented to pro-
cess point clouds of "arbitrary size". The inputs quality is
predominant for obtaining representative results because
being physically realistic allows the estimation of accurate
occlusion and point density. This versions process has
a live preview of the point cloud acquisition in Python,
giving a visual impression during simulations. However,
the current drawback of Helios++ is the amount of energy
needed for a single laser shot, affecting how realistic the
point clouds are in terms of physical accuracy by (Wini-
warter et al. 2021). A comparison between Helios and
Helios++ capabilities is presented in Figure 1.

The third laser is BlenSor, which does not allow real-time
simulation. It casts several rays simultaneously, and sim-
ulation accuracy increases by modifying the sensor code
if features are not yet available for the ray-tracing required
parameters. The speed of light is finite, allowing reflection
and precision on most surfaces. Although functionality is
limited because of the computational demand to simulate
a large amount of laser rays, the performance suffers on the
way. As a result of the high computational demand, the
laser focuses on the simulation of the sensors instead of
the sensor’s interaction with the environment. One of the
differences between BlenSor and Helios/Helios++ is the
focus on data creation. Blensor is designed to create data
offline to focus on usability and features. Blensor simpli-
fies simulations related to unstable and dynamic scenarios
such as car crashes. BlenSor can be used with a software
called Blender because its engine allows the interaction
of objects to complex simulated scenarios in applications
with Blensor by (Gschwandtner et al. 2011).
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Figure 1: Performance comparison of Helios and Helios ++ (default parameters for waveform modeling beamSampleQuality=3 and
binSizens=0.25; numBins=100 and numFullwaveBins=200 for HELIOS++ and HELIOS, respectively). Run times are average of three

runs (± standard deviation), memory footprint is the highest value (maximum) during the full run (Winiwarter et al, 2021).

Available Synthetic Point Cloud Datasets

There is a wealth of synthetic point cloud datasets captur-
ing various types of objects. These are captured with
different types of virtual scanners such as Blensor by
(Gschwandtner et al. 2011) and LIDAR and are summa-
rized in Figure 2. A LIDAR sensor has flexible configura-
tions to scan various types of objects. The parameters of
the LIDAR sensor by (Wang et al. 2019) shown in Figure
2 are µ , ν , α , β . The α and µ are in the X-Z dimension
representing vertical scanning. ν and β are in the X-Y
dimension representing horizontal scanning.

Point Cloud Class segmentation

Generally for image-based classification and segmenta-
tion, Convolutional Neural Networks (CNNs) are used
due to their higher accuracy. They are extensively used
in image segmentation by (Krizhevsky et al. 2012), text
classification by (LeCun et al. 2008), and self-driving ve-
hicles by (Teichmann et al. 2018). A CNN consists of
convolutional and pooling layers to merge into local infor-
mation per pixel. There are three main groups to classify
the 3D deep learning methods. These are view-based (Su
et al. 2015, Kalogerakis et al. 2017, Wei et al. 2016), vol-
umetric (Klokov & Lempitsky 2017), and geometric deep
learning methods (Qi et al. 2017).
Traditional CNNs are not useful to classify and adjust to
variation density, since they only process structured data.
To solve such a complex issue, our previous research used
PointNET++ SFR (part of CLOI-NET) which is one of the
best techniques in geometric deep learning methods. It
extracts local features capturing both local and global fine

geometric structures from small neighborhoods. These
local features are further grouped into larger units and
combine their outputs by using a hierarchical approach to
produce higher level features. This process is repeated
until we obtain the features of the whole point set.
The objective of this paper is to derive whether synthetic
point cloud data is beneficial for point cloud segmentation.
This will be achieved by a Helios, Helios ++, and Blensor
qualitative comparison. Still, Helios++ presents a higher
virtual laser scanning performance. It provides flexible
computational requirements and a better approximation to
physical realism.It is not possible to compare synthetic
data parameters that are realistic over laser scanners. That
is why Helios++ is selected to resemble the conditions.
Also, Helios++ is able to simulate laser scanned data in
real time. Its object model called transmissive voxel is
an achievement to virtual laser scanning characteristics
because of the ability to penetrate objects in the absence of
detailed 3D mesh models. Another positive development
is the maximum detection binning mechanism, even if
waveforms are not written to a specific output file. Also,
Helios++ allows the usage of significant input of point
clouds by dividing it into smaller parts. As a result, the
generation of VLS (virtual laser scanning) realistic data
invites users to rely on the algorithm. Therefore, it is most
suitable for our approach.

Research Approach

Figure 3 presents our research methodology. Helios++ can
be easily used via the command line or Python bindings.
It can be installed and setup in numerous ways. It is
recommended that the user set up a virtual environment to
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Figure 2: Literature review on available synthetic datasets

download and install all necessary packages and then start
using the software as desired. The most optimum way of
installing Helios++ would be with Docker. In our research,
we make use of python bindings to run experiments and
record the results.
Once the software is running, we then use the object file
on Helios++. It is essential that the input is in .obj format
due to the lack of support with other formats. Our first
step is to convert the object file into an XML file. The
XML file acts as a survey file which consists of Platforms,
Scanners and Scenes. These parameters are determined by
the type of object model provided. This laser scan XML
file can be a Terrestrial (TLS), Airborne (ALS), Mobile
(MLS) and UAV-borne (ULS). The scene is made up of
components that are scanned, the platform which in turn
is made up of groundplane.obj found in the repository and
acts as a virtual scanner and lastly, the scanner itself. The
survey consists of various legs which are wavepoints for
the platform. An illustration of the elements is presented
in Figure 4.
Noichl et al. (2021) uses Helios to create the point cloud
model. The scene and survey preparation are similar for
Helios and Helios++. Both require a .obj file with infor-
mation and the orientation being stored in an XML file.
Helios++ lacks a UI but makes up for it with better com-
putation. Helios++ has a better accuracy over the cost of
run time or vice-versa depending on the parameters set.
For the output, both Helios and Helios++ create one point
cloud per scan. All the outputs can be combined to form
one single pointcloud. To create the XML file, we run the
python script for the scene generator with the following ar-
guments: the folder that contains the obj files, path to the

ground plane, name of the scene to be generated, number
of objects to be distributed, number of circular segments
and radius of the scan positions around center of the scene.
Once we generate the XML, we get the survey and scene
parameters in one file. We also need to separate the scene
and survey into 2 XML files as the script for generating
the point cloud does not detect the scene. We add the
tag "<?xml version=1.0?>" to both our survey and scene
files. The filters applied onto the scene are rotation and
translation. We remove the rotation filters so that our object
lay flat on the ground plane. In future work, we intend
to address that limitation. After creating the appropriate
XML, we then proceed with generating the point cloud for
the object/scene of interest. The point cloud file consists
of the following parameters: X, Y, Z, Nx, Ny and Nz co-
ordinates, Scalar values (representing class labels) as well
as R, G and B values. The output consists of a point cloud
extension(.xyz) file and the log files that are automatically
stored in the outputs folder. If needed, one can visualize
the waveform by providing specific flags during run time.
We run the script to generate the point cloud and then
compare the object file with the point cloud model.

CLOI-NET Segmentation

In this methodology by (Agapaki & Brilakis 2020), the
first step is data pre-processing and converting it into the
file format which will be suitable for running CLOI-NET
which is explained below.
After completing the synthetic point cloud generation step,
we get the point cloud data in (.xyz format). We then
convert it into (.txt) format, so that data pre-processing
can be performed. We only use X, Y, Z labels in the
CLOI-NET model. We use data pre-processing technique
and convert it into batches of small files using a 3D sliding
window/block approach. Once the data is prepared, the
second step in the CLOI-NET method is to predict a class
label per point using a modified version (SFR - Smaller and
Fewer neighborhoods with smaller Radius) to accurately
segment the CLOI shapes.

Results

Synthetic Point Cloud Generation

We previously defined the parameters required to generate
the XML file. For the point cloud generation of the shapes,
we define the number of circular segments as 3, number
of defined objects as 4 and the radius of scanned positions
around the center of the scene to be 50.
We generate another point cloud for the basic joints and
edges. Here, we define the number of circular segments as
14, number of defined objects as 5 and we keep the radius
100, which in hindsight is large enough for our scene.
Some sample scene results are illustrated in Figures 5-7.
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Figure 3: Proposed Research Methodology

Figure 4: Elements of the HELIOS++ platform

Figure 5: Sample scene (input) and synthetically generated
laser scan (output)

Figure 6: Sample scene with elbow models (input) and
synthetically generated laser scan (output)

Conclusions

Our analysis illustrated that HELIOS++ has potential to be
used for point cloud class segmentation, however further
research is needed to simplify the point cloud generation
and using the generated outputs for training the existing
segmentation networks as illustrated above. Another lim-
itation is the significant manual user input needed to seg-
ment the Industry Foundation Classes (IFC) files that need
to be parsed to individual objects, so that they can be used
in the HELIOS++ virtual scanner platform. HELIOS++
minimizes the needs for data conversion that lead to a more
efficient generation of virtual scanned point clouds. The
significance of this work is to minimize human labor in-
volved in the generation of annotated point cloud data-sets
without sacrificing performance.
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Figure 7: Top view of the sample scene with expected class
segmentation labels
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Abstract
While there have been developments to integrate both
domains of Geographic Information Systems (GIS) and
Building Information Modelling (BIM), approaches on
GIS-to-BIM conversion operations do not address early-
modelling scenarios. Furthermore, current approaches are
often limited to or around buildings, given their nature as
the classic common denominator between both systems.
Railway projects, however, have different constraints from
those of building projects, given their extensive nature and
complex conditions. In this paper, the authors summarise
available and open data approaches on the topic of context
modelling and conversion between GIS and BIM systems
in order to give an overview of promising developments for
the field of early-modelling railway planning. The authors
propose a process for consecutive data use including early
pre-planning surveys in GIS and bringing them to the BIM
domain for railway planning. A case study shows a low-
threshold context modelling using open geographic data
and open GIS and BIM formats, creating a much needed
planning basis for BIM-based railway planning.

Introduction
It is common sense that the use of Building Information
Modelling (BIM) implies above all the idea of the
continuous use of data throughout the entire life cycle
of a building (Sacks et al. 2018). In practice, it is
evident that the process of collecting and evaluating
information for railway projects begins well before the
start of the construction project, specifically before the
actual planning process begins (Bundesministerium für
Verkehr und digitale Infrastruktur 2018).

Early studies are of particular interest for the entire
railway project process, as they involve a high degree of
uncertainty and many possible design variants. Decisions
made on the basis of early studies have a wide range
of effects at a later stage: On the environment, on
residents, on financing and schedules, and even on politics
(Flyvbjerg et al. 2008). Studies show that subjectiveness
and insufficient evaluation (e. g. of risks) at early stages
lead to wrong decision-making later (Flyvbjerg 2009).
The German Federal Government and German Railways
(Deutsche Bahn) plan to invest three billion euros in new
and the extension of existing railway infrastructure in
Germany until the year 2027 presumably still not enough
to cover the need for railway transportation Frankfurter
Allgemeine Zeitung (07.07.2022). To reduce uncertainty
and additional costs potential, especially in a densely
populated and built area as Germany compared to other
countries, it is necessary to obtain a holistic overview of

the project area, the built environment and aspects of the
natural environment, and surroundings.

In order to do so, input data for context modelling must
be collected. A lot of that data comes from Geographic
Information Systems (GIS) and later is being included in
the planning process. Since the wider use of Building
Information Modelling the BIM and GIS integration has
become more interesting both for praxis and science. A
growing interest can be derived also from the number of
publications regarding BIM and GIS integration as will be
shown in a later section within this article.
However by the nature of both worlds, the approach of a
BIM-based planning process working on a highly detailed
building level contradicts the need of early studies in
railway infrastructure, as those focus on a higher scale
level and not on the component scale (Amirebrahimi
et al. 2016, Borrmann et al. 2015). Therefore, it is
necessary to include the use of Geographic Information
Systems (GIS) to pay tribute to the needs of early
conceptual surveys, especially when it comes to spatially
(and politically) big projects with a high need for accuracy.

To create a consecutive information flow, the information
from the GIS-based surveys has to be fed into a BIM-
compatible way of working. Due to the different premises
of both disciplines, BIM and GIS, this is still a subject
of research with many challenges to overcome; one of
them being the insufficient interface between GIS and
BIM, especially regarding railway-specific objects and
information.
In contrast, many studies focus mostly on BIM-to-GIS,
not vice versa Sani et al. (2019), Donkers et al. (2016).
But at that early point in time there is usually no BIM
model yet, yet BIM models need to be created at some
point based on data coming from GIS.

The goal of the present article is to identify suitable
open data formats and or Application Domain Extensions
for the conversion of context data from GIS to a BIM
environment for the requirements of early studies in
railway projects. The hypothesis stated in this article
is that GIS to BIM integration can help create a low
threshold context model that supports decision making
in a very early stage, when there is no BIM model
and only only few, if any, survey data available. Even
though there might be commercial solutions, this article
focuses on open formats to ensure a continuous use of
data throughout the life cycle. Furthermore, railway
planning (e. g. in Germany) is mainly a responsibility
of public administration and therefore includes the need
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for documentation in open formats in order not to depend
on (software) company decisions and to guarantee legal
non-discrimination rules (Paragraph 97 GWB, German
Act against Restraints of Competition).

For this purpose, relevant open data standards for BIM
and GIS integration have been identified through first
quantitative and then qualitative literature review. Besides
scientific publications, publications and norms from
standardisation organisations such as Open Geospatial
Consortium and BuildingSMART have been considered.
The findings have been accumulated and been put into
context to gain an overview of existing solutions and their
suitability for railway purposes.
A case study has been conducted creating a context model
for early studies, including relevant geo data from open
sources. Throughout that they have been processed in
certain ways in order to first consolidate them in GIS and
then convert them to the BIM environment. Due to the
focus on open standards and the exchange they allow,
Application Programming Interfaces and proprietary data
formats were not regarded in the case study.

This paper includes the description of the methodology
used to identify relevant publications, the results with
findings in a qualitative form, the conducted case study
as described above, and finally a discussion of the present
work and the validity of the hypothesis. In the last section
an outlook to future research is given.

Methodology
This section introduces briefly methodology of the litera-
ture review as well as of the performed case study.

Literature review

The aim of the literature review was to find suitable
open data standards for use in early modelling of railway
projects and therefore classifies as a qualitative, as
opposed to a quantitative review. Mainly, three data banks
have been included in the search: Scopus, ScienceDirect
and Google Scholar.

First, keywords were identified, in this case, "BIM", "GIS"
and "railway", as well as "integration" to begin with. Sec-
ond, those keywords were combined by Boolean operators
to form search expression. Title, abstract and keywords
were browsed for the combination of defined keywords.
To analyse the results, the upcoming number of publica-
tions were documented and plotted in a graph to derive
the timely course of publication activity on the browsed
topics. Subsequently, the results were looked at in more
detail on a qualitative level, identifying the papers fitting
the search scope. After going through the most relevant
ones, a snowball method was used, taking a closer look to
the list of references of relevant papers and through that,
identifying more potentially suitable ones.

Case study
The aim of the implemented use case was to test the
hypothesis, that open GIS and BIM formats are indeed
suitable for creating context models for early studies in
railway. The process of creating a low-threshold context
model for early studies in railway is repetitive and applies
generally to almost any kind of input geodata.

As displayed in Figure 1, firstly, the necessary data has
to be collected. The data can be of varying nature, the
focus here lies on geographic data. Secondly, it is usually
necessary to preprocess it in some way. This can imply for
example coordinate transformation, cleaning (e. g. when
using point clouds or other extensive data sets with redun-
dant information) or editing (e. g. merging or splitting).
Thirdly, if the content of the data is not sufficient yet,
they might be upgraded and/or semantically enriched with
further information (e. g. implicit knowledge, informa-
tion from external sources such as reports etc.). Eiweleit
et al. (2021) state that the process of pre-processing and
upgrading information is highly dependent on the initial
quality of the input data. In practice it appears that a lot
of data, especially when including historical data, is often
not even digitised or only available in poor accuracy. Has
the processing of data finished, the collected data can then
be consolidated in a context model and subsequently con-
verted through open formats from the GIS environment to
the BIM planning environment for further usage.

Figure 1: Consecutive information pre-processing from GIS to
BIM for early surveying in railway

Results of literature review
When conducting first a quantitive search for relevant pub-
lications, it became evident that the topic of BIM and GIS
integration, also in combination with railway, gets growing
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attention within the last years, peaking in 2021. The ex-
emplary results from Scopus can be seen in the following
Figure 2. The described search method has been applied
showing correlating results also with a focus on railway.

Figure 2: Search results for relevant keywords in Scopus

Both the BIM and GIS domains have predominant file
formats for storing structured data, namely IFC and
CityGML, respectively (El-Mekawy et al. 2012). Both
formats were designed for different uses and are therefore
inherently different. Nonetheless, they both share similar-
ities, like their object-oriented nature, and a few similar
entities within their classification (Sani & Abdul Rahman
2018). When addressing interoperability, mapping
between schemata in both domains is unavoidable.

An overview of available approaches is shown in Figure
3 with focus on established and recently developed stan-
dards in both domains as well as relations between them,
such as the harmonisation between InfraGML and and IFC
4x1(Open Geospatial Consortium 2016). Extensions of
CityGML using Application Domain Extensions (ADE),
such as GeoBIM by de Laat & van Berlo (2011) or de-
velopments by Stouffs et al. (2018), Donkers et al. (2016)
or Kumar et al. (2019) and their relations to both GIS
and BIM domains were also regarded (if only exemplary).
Approaches considering new and integrated data models,
such as that by Amirebrahimi et al. (2016) or El-Mekawy
et al. (2012) were also considered.

3D file formats for BIM and GIS
IFC Alignment, as an extension of the IFC data model,
was published within the IFC4x1 version and made it first
possible to include infrastructural buildings such as roads
and railways, harmonising with the Open Geospatial
Consortium (OGC) standard InfraGML as an aligned data
model. Based on the IFC Alignment, the development
of a data model extension called IFC Rail is currently
in progress and has recently been released as Candidate
Standard. The IFC Rail extension includes domains
for representing the track, signalling and level crossing,
energy and telecommunication.

It appears that there are already several open-source
approaches for the transfer of GIS data, especially for
infrastructure, into the BIM environment. These include

the formats LandXML, LandInfra, InfraGML, CityGML,
among others, which are based on Markup Languages,
e.g., XML and GML. Other less prevalent formats, such as
CityJSON, are implementations of a varying data model,
based on JavaScript Object Notation (JSON) instead of
Markup Languages (Butler et al. 2016).

As described by Open Geospatial Consortium (2021),
LandInfra is based on LandXML. LandInfra is a use-case
driven subset of LandXML and intended as its successor.
LandInfra mostly avoids overlaps with CityGML by
focusing on civil infrastructure, like rail and roads as well
as cadastre and surveying. Its modelling resolution is not
as detailed as that of the IFC extension, including amongst
others roads, rails and bridges. Also, LandInfra represents
buildings as features of facilities through an outer shape
and footprint (Open Geospatial Consortium 2021).

Kumar et al. (2019) have explained how an ADE for
CityGML has been created in order to store LandInfra
features as well as how to convert bidirectionally between
both schemas. To achieve this conversion, a semantical
mapping of LandInfra to CityGML has been carried
out. Both schemas partly overlap, however, LandInfra
lays bigger focus on civil engineering infrastructure.
Its OGC encoding standard shows seven dependencies,
’Railways’ as one of them, containing classes with
specifications about railway elements such as the cant
("Überhöhung"), meaning the height delta between two
rails on a curved alignment. Both conceptual models
of LandInfra as well as IfcAlignment are aligned and
therefore compatible (Open Geospatial Consortium 2016).

The GeoBIM extension by de Laat & van Berlo (2011)
proposes an ADE extension to CityGML to support
IFC data and using the semantically rich IFC models to
enrich the CityGML data. The authors implement the
extension in the open source BIMserver in order to export
IFC geometry and semantics to CityGML in LOD 4 by
querying IFC models.

Zhao et al. (2019) used a BIM and GIS integration in order
to optimise highway alignments for planning using seman-
tic web technologies. Information from both domains, GIS
and BIM, have been modelled in IFC and CityGML and
then have been converted to an web ontology language
(OWL) representation. Afterwards both ontologies have
been mapped and both data sets have been linked in a GIS
environment in order to be queried. Furthermore, the se-
mantic web approach applied enables the possibility for
bidirectional conversion.

Conversion
Differences between both GIS and BIM include different
definitions for Level of Detail (in GIS an thus in CityGML)
and Level of Development (in BIM and therefore in IFC),
which must be regarded during conversion. Further,
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Figure 3: Overview of approaches for BIM and GIS integration

exchange formats in GIS and BIM support geometric
representations in different ways (Gilbert et al. 2020).
Constraints regarding BIM2GIS integration regard
matching, not only the classes within both domains, in
which a complete information transfer is not guaranteed,
but also the Level of Detail (GIS) and the Level of
Development (BIM). Geometric constraints include not
only the different geometry representations, but also the
mapping of textures, which are rarely used in IFC (de Laat
& van Berlo 2011).

Amirebrahimi et al. (2016) defines three levels of attempts
in integration: the process, data and application level.
Based on that Sani et al. (2019) claims that the challenge
of integration GIS and BIM seamlessly depends first on
an unhindered data flow between them and proposes an
approach to geometrically transform IFC building objects
to the equivalent class in CityGML.

One of the challenges lies in the geometric representation
of objects. CityGML only represents 3D-objects as the
explicit method of Boundary Representations (B-Rep),
meaning representing bodies using surfaces, edges and
nodes. IFC on the other side is able to use a hybrid
approach of implicit and explicit methods including
Constructive Solid Geometry (CSG), Sweep Solid (SS)
and B-Rep (Borrmann et al. 2021). The work of Borrmann
et al. (2015) shows that the geometrical integration of

BIM2GIS, including a transformation from an IFC-based
product model to B-Rep is indeed feasible, when using
CityGML as the target format.

Based on the conversion direction (GIS to BIM and BIM
to GIS) different constraints apply (Sani & Abdul Rahman
2018). Therefore, the next subsections are structured ac-
cordingly and summarise both particular constraints and
selected solving approaches.

BIM2GIS
Previous work on the interoperability between BIM and
GIS systems is abundant. de Laat & van Berlo (2011)
propose an extension of CityGML called GeoBIM to
support IFC data in the GIS domain, not only with
basic geometry, but also semantically, where all IFC
classes can theoretically be mapped to CityGML in LOD 4.

In another approach by Stouffs et al. (2018), and further
described in Tauscher (2019), information from IFC
files was translated into CityGML using Triple Graph
Grammar (TGG), consisting of two object graphs (IFC
and CityGML) and a correlation graph, in which the
conversion data is stored, including a start graph and a set
of production rules to transform the graph consecutively.
The conversion into CityGML, a topographic geospatial
format, is associated with loss of information (Stouffs
et al. 2018). The authors propose a mapping approach
that promises complete and near-lossless conversion
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from IFC to CityGML. The system design of the IFC
to CityGML conversion is not bi-directional and allows
the transformation from IFC building elements into
semantically classified CityGML surfaces. The authors
further suggest extending CityGML with its own ADE
native mechanism in order to cover information not
predefined in CityGML. It is noted in Stouffs et al.
(2018) and El-Mekawy et al. (2012), that few extensions
to CityGML have been attempted. As de Laat & van
Berlo (2011) found, using ADEs might cause difficulties
in visualisation, due to the geometric interpretation of
different 3D viewers (Sani & Abdul Rahman 2018).

Further developments on the Unified Building Model
(UBM), where the schema is derived both from IFC and
CityGML, can be found in Liu et al. (2017). Amirebrahimi
et al. (2016) apply an attempt using a Unified Data model
(UDM) approach in order to visualise flood damage to
buildings. The authors carried out a mapping between
IFC and CityGML and created a UML data model that
unifies both approaches and was implemented in the XML
schema.

El-Mekawy et al. (2012) propose a superset model, where
concepts from both IFC and CityGML were considered in
the semantic and geometric representation and definition
of building elements. The authors suggest, that different
spatial computations and analyses cannot be performed
by only IFC or CityGML. To merge classes from both
domains, constraints were defined and sub-types were
used, instead of separated feature classes of relationships
to super-type feature classes. Furthermore, enrichment
functions were implemented to derive semantic informa-
tion in different cases either from an IFC or a CityGML
data set to extract missing information due to the source
format. The UBM is validated by a predefined set of
queries.

A multi-scale-model approach by the means of enabling
different scales (e.g., kilometre scale and centimetre scale)
within one representation has been undertaken by Bor-
rmann et al. (2015). To achieve this, an IFC-based product
model for shield tunnels has been mapped semantically and
geometrically to the CityGML data model. Because of the
different methods of representing geometry and different
concepts of Level of Detail (LOD), the procedural/implicit
geometry representation of the shield tunnel product model
has been converted to the Boundary Representation of the
target format CityGML, based on parametric modelling
techniques.

GIS2BIM

One specific challenge for the conversion from GIS to
BIM is the question, which objects classes within the BIM
environment the information from GIS should be mapped
upon. Sani & Abdul Rahman (2018) found that this is
mainly caused by the fact that the GIS format CityGML

has less defined classes than the BIM-specific IFC format.
While the integration of BIM2GIS is problematic because
of potential data loss, the other way around (GIS2BIM)
involves a risk of mismatching object classes. Further-
more, Sani & Abdul Rahman (2018) pointed out several
challenges lying within the integration of both domains.
Mainly, the authors focused on challenges regarding the
geometric conversion, but on the semantic level they also
found an urgent need for developing a data model which
encloses both approaches of CityGML and IFC.

Meanwhile Tauscher (2019) performed conversion using
Triple Graph Grammar, Donkers et al. (2016) presented
a conversion algorithm to extract necessary information
from BIM models in order to generate CityGML models
of LOD3. Although the authors presented a workflow
for conversion from IFC to CityGML, the workflow steps
(1. Semantic Mapping, 2. Geometric Transformation
and 3. Geometric and Semantic Refinement), as well as
the carried out semantic mapping, can equally well be
applied to a vice versa workflow. Donkers et al. (2016)
propose new objects classes as extensions of the IFC in
order to better align IFC and CityGML. For CityGML,
more detailed and specified rules for defining an object
are suggested.

Besides unidirectional approaches, there are also proce-
dures that enable bidirectional conversion, including the
approached of unified data models or unified building mod-
els (Liu et al. 2017, Amirebrahimi et al. 2016).

Case Study - Context modelling for railway
planning
In this section, a case study is carried out, creating a lo-
threshold context model from open geodata for early rail-
way studies.

Data preparation process
Because of their spatial extent and the high multidi-
mensional complexity, railway projects must take their
geospatial surroundings into consideration. Eiweleit
et al. (2021) name several types of data that need to
be considered, such as cadastre data, digital elevation
models, and ortho photos or surveying flight data, as
shown in Figure 4. This kind of geo-referenced data can
be used in a GIS environment to put a considered railway
alignment into its geospatial context.

To illustrate the aforementioned process, the case study
has been conducted using open tools and open formats for
a context model that is suitable for early studies in railway
projects. The following input data has been used:

• Geo-referenced photos from surveying flights (*.tif)

• Point clouds from Airborne Laserscans in 1 m grid
width (*.xyz)
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Figure 4: Components of context models for (German) railway, according to Eiweleit et al. (2021)

• Digital City Model (*.gml)

• Cadastre Map (*.shp)

• Existing street and railway infrastructure (*.geoJ-
SON)

Initially, the aforementioned data has been collected. The
Free State of Thuringia, one of the administrative county of
Germany, provides open geospatial data on a public home-
page, administrated by the regional authorities. The data
are updated regularly and free for download. In a next step
the data were supplemented by Open Street Map (OSM)
data, providing information about existing street and rail-
way infrastructure and additional point information on sta-
tions and other points of interest for public transportation.

Implementation
The cadastre data and OSM data was brought into the
open tool QGIS. In this case, all the data had to be
transformed from EPSG:4326-WGS84 to the projected
coordinate system EPSG:25832-UTM32. This was done
using QGIS. The data was then exported to the *geoJSON
format.

The visualised geo data in QGIS can be seen on figure 5,
showing the main station of the city of Weimar, Thuringia.
Building contours, as well as railway and street alignments
come from Open Street Map (OSM). The underlying
OSM-map has been chosen for improving the spatial
impression. Cadastre data have been included as well.

Figure 5: Open geodata from Geoinformation System

To create a 3D-context model, a mesh out of the point
clouds was created using CloudCompare in order to
generate a digital elevation model. This model could be
exported as *.obj into the BIM collaboration software
Desite MD Pro. The geo-referenced photos have been
added to the software and mapped onto the 3D digital
elevation model, now displaying the photo content in the
right topography and not as 2D anymore.

Figure 6: Creating a digital elevation model from point clouds

In the next step, the CityGML-data containing the digital
city model could be added. In this case, all data provided
by the Free State of Thuringia was already available in the
projected coordinate system EPSG:25832-UTM32 and did
not need a coordinate transformation. The data from QGIS
could then be imported to the BIM coordination software.
Figure 7 shows the result of the coordinated context data
within a BIM collaboration software, including already
much of the necessary data for early railway studies. This
federated model can now be exported to the IFC format.

Figure 7: 3D-context model for BIM-based railway planning

Discussion and Conclusions
In the present article, different approaches for the
conversion of context data in the field of BIM and GIS
integration have been investigated. The interoperability
between both worlds is especially relevant for enabling a
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seamless railway infrastructure planning due to the fact
that early surveys are being conducted on a geospatial
scale and should then be brought to the BIM environment
for further and more detailed planning. For this a literature
review has been conducted, identifying the relevant open
data formats and ADEs to do so. In a case study a
low-threshold context model for early railway studies was
created, including open geo data in GIS and bringing
it into a 3D BIM environment, providing the basis for
further BIM-based planning.

The literature review shows different promising ap-
proaches for early-model-based application in railway
projects. Objects of railway infrastructure are partly con-
sidered, but only on a very coarse level, which impedes a
close analysis of viable approaches and shows an obvious
gap. On the side of BIM, specialised extensions for
IFC (namely IFC Rail) are currently in progress and are
expected to extend the BIM field for relevant information
regarding railway infrastructure. The data model of
InfraGML, that has been developed in a cooperation
between the OGC and buildingSMART, is aligned with
the IFC Alignment concept and therefore a promising
candidate for future compatibility of object classes.

Regarding conversions and format extensions to support
bidirectional information exchange, such as those per-
formed by Kumar et al. (2019), Sani & Abdul Rahman
(2018), show promise for enabling the usage of GIS-based
early-models in later planning phases as well as the incor-
poration of available BIM models in the early-modelling
phase. A viable approach for the early-modelling railway
use-case could be an adaptation of the extension by Stouffs
et al. (2018) using ADEs and Triple Graph Grammar
(TGG). Overall, the review shows that on the BIM side a
basis for representing railway infrastructure is going to be
provided with IFC Rail. However, the GIS side shows a
lack of granularity regarding railway objects within the
common data formats and none of the reviewed papers
have shown a validation for the railway domain. Figure 3
gives an overview on the reviewed concepts and how they
relate to standards of the BIM and GIS environments.

The review showed furthermore that there is a growing
interest in unified approaches in order to enrich each other
but also to make use of querying techniques. In this field,
it could also be identified that the focus lies mostly on
the enrichment of GIS using BIM and not particularly to
use GIS in order to enrich BIM for early or pre-planning
phases. The conversion from BIM to GIS and vice versa
shows a clear focus of reviewed papers on the integration
of BIM to the GIS environment, as can also be seen in
Figure 3. The other way around though for bringing in-
formation from the GIS environment to a BIM-integrated
workflow, is only addressed on a theoretical level. The
performed validations, and none of them for railway,
validate unidirectional conversion from BIM to GIS.

Figure 3 shows that there are several approaches including
different conversion methods, which could hypotheti-
cally also be used in order to convert railway objects.
However, a corresponding data model or an extension
of such a model is a necessary prerequisite on the GIS side.

Based on the proposed process for integrated application
of information from both GIS and BIM domains in railway
projects, the authors were able to conclude that there is a
gap regarding the connection of GIS and BIM for early
modelling, especially regarding the preparation of railway
planning.

The conducted case study showed that for creating early
context models for railway, many established open data
formats are already more than sufficient to contain the
necessary information. What was not regarded in the case
study, is the extensive conversion of more detailed rail-
way information coming from GIS. The polylines used in
the railway contained exactly the information that were
coming from Open Street Map. Therefore the *.geoJSON
format was suitable due to the low detailing of source data.
For more detailed information and a higher granularity of
railway objects, another format might be more suitable,
as the literature review showed (e. g. InfraGML). It was
therefore possible to already include a lot of important
context data.

Outlook
Based on the performed review, future work will address
the discussed fields of application regarding GIS and BIM
integration as well as semantic enrichment for early-model-
based railway surveying and pre-planning. A case study
will be used for displaying used methods and findings using
a suitable case study, e. g. an early-phase railway project.
To include existing railway structure more thoroughly, will
be part of future implementation and research.
Furthermore, future work needs to address the relevant
prerequisites and particular requirements of early surveys
in railway projects more in depth. Depending on that,
a decision can be made, in which way an exchange be-
tween GIS and BIM can be ensured and which strategy
might be the most suitable one. Moreover, direct exchange
between vendors should be questioned, especially in early-
modelling scenarios, to address all viable solutions.
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Abstract 

Occupancy and space uses affect the organizational 

effectiveness and functioning during the Operation and 

Maintenance phase. They are highly variable and can 

change over time. Consequently, spaces can be 

inadequate for actual uses, affecting space use, cleanness, 

and user well-being, satisfaction, and productivity. The 

research defines a Decision Support System for facility 

managers based on occupancy patterns analyses and 

simulations, including Post-Occupancy Evaluations, an 

IoT sensor network, and a dashboard. First results of 

system setting and pilot study application are presented. 

The research aims to support space reorganization and 

Facility Management activities optimization, increasing 

workplace adaptability, user satisfaction and well-being. 

Introduction and Problem Statement 

It is crucial to ensure an actual and efficient management 

of buildings during the Operation and Maintenance 

(O&M) phase. Occupancy and space uses, that are highly 

variable, and that can change overtime, strongly affect the 

organizational effectiveness and functioning during the 

O&M phase (Zimmerman and Martin, 2001, Bento 

Pereira et al., 2016). In addition, actual occupancy and 

space uses may significantly differ from the setup 

considered during the design phase. During the design 

phase spaces are typically sized according to use-based 

standardized occupancy data, such as occupancy levels in 

compliance with fire regulations or expected occupancy 

values from energy models (Dong et al., 2018). User and 

space organization requirements are either not specified 

or, by the time the building is constructed and operated, 

they have changed (Zimmerman and Martin, 2001). 

Furthermore, occupancy levels during the O&M phase are 

typically represented by static schedules. All the above 

leads to actual occupancy values that may be different 

from those considered during the design phase. 

Consequently, existing spaces may result as inadequate 

for actual uses and occupancy. This, in turn, can result in 

poor levels of space use and cleanness, which are related 

to user well-being, satisfaction, and productivity (Agha-

Hossein et al., 2013). Additionally, since early 2020 the 

current COVID-19 related situation have forced many 

workers to remote working practices (Kniffin et al., 

2020). This drastically accelerated the spread of remote 

working, a slowly growing phenomenon in the last 10 

years (European Union, 2020). Recently, in the Italian 

context, governmental policies tried to facilitate a return 

to normality by revoking the adoption of remote working 

practices for Public Administration workers (Italian 

Parliament and Government, 2021). On the other hand, 

remote working practices have been partially maintained 

in private companies. In addition, some companies or 

institutions have decided to convert some underutilized 

spaces into spaces that can be used by reservation via app. 

Consequently, it has become even harder to predict 

workplace occupancy and to consider fixed scheduled 

occupancy as a reliable information to define and manage 

Facility Management (FM) activities and space 

organization over time. 

The increasing variability of workplace occupancy, and 

the gap between design and actual occupancy levels 

highlighted the limitations of FM strategies based on 

historical databases and fixed and static occupancy 

values. Continuous real-time building monitoring and 

data analysis can support the achievement of effective and 

efficient FM activities and processes, and the 

improvement of existing buildings’ use and space 

organization. In addition, space monitoring is 

fundamental to guarantee safety in existing buildings, 

especially considering the current sanitary emergency 

related to COVID-19 pandemic (Capolongo et al., 2020). 

The ongoing research project here presented investigates 

the definition of a Decision Support System (DSS) for 

facility managers, integrating occupancy levels and 

additional relevant data from Post-Occupancy 

Evaluations (POEs) and an IoT sensor network. The 

research aims to manage and optimize FM activities and 

space organization of existing buildings according to 

actual occupancy and hypothesized occupancy scenarios. 

The DSS is intended to support the decision-making 

process of facility managers, in particular decisions about: 

 reorganizing and redistributing spaces over time; 

 assigning functions and user number/type to spaces; 

 planning and managing FM activities over time. 

The DSS by means of a dynamic dashboard will provide 

analyses, visualizations, and insights on actual occupancy 

patterns, simulations of hypothesized occupancy values, 

with the possibility of optimizing FM activities and plans 

according to actual or hypothesized occupancy patterns. 

The system will allow to optimize building uses and FM 

activities, and to move towards more flexible occupancy-

oriented FM processes during the O&M phase.  
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Literature review 

A literature review has been performed investigating past 

and current approaches for building and occupancy 

monitoring and optimization in relation to occupancy, 

focusing on Post-Occupancy Evaluations (POEs), 

Building Information Modelling (BIM), Digital Twins 

(DTs), and sensor systems, by analyzing features, 

applications, advantages, and limitations. 

POEs are mature approaches that have been applied for 

about 50 years with several projects all over the world (Li 

et al., 2018). POEs aim at assessing building 

performances, users’ behavior and feedback during the 

operational phase (Hadjri and Crozier, 2009). In recent 

years they have been applied aiming at assessing building 

energy performances and user satisfaction and 

perceptions (Straka and Aleksic, 2009, Agha-Hossein et 

al., 2013, Day et al., 2019), investigating the gap between 

actual energy performances and design targets (Agha-

Hossein et al., 2013), and optimizing the design phase 

(Daher et al., 2018). Three levels of POEs are defined 

with increasing level of detail, nevertheless likewise of 

invasiveness for user privacy and implementation costs, 

i.e. Indicative, Investigative, and Diagnostic POEs 

(Straka and Aleksic, 2009). Main limitations of POEs are: 

users’ reluctance to POE applications due to privacy 

issues and implementation costs (Leaman et al., 2010), 

liability for building owners and managers and lack of 

indicators and benchmark to evaluate POE results 

(Zimmerman and Martin, 2001), and limited research on 

POE results visualization and communication techniques 

(Li et al., 2018). 

The application of BIM for facility management results in 

several benefits: customer services improvement, time 

and cost reduction resulting from better planning 

capabilities, and higher data consistency (Codinhoto and 

Kiviniemi, 2014, Oti et al., 2016). In addition, the 

integration of building data in a BIM approach allows to 

have a single source and storage of geometrical and FM 

data, thus enabling the visual representation of POE data 

and detected issues in the building space (Pin et al., 2018, 

Rogage et al., 2019). However, a BIM approach for asset 

management lacks information richness, and analysis and 

simulation capabilities, that are typically manually 

implemented and time-consuming (Lu et al., 2020). In 

addition, the achievement of effective and efficient 

management of buildings during the operational phase 

strongly relies on continuous flows of real-time building 

data (Lu et al., 2019, 2020). However, BIM models lack 

integration with different data sources, e.g., sensor data, 

and automatic updating over time (Lu et al., 2020). 

DTs allow to connect a physical system to its virtual 

counterpart via bidirectional communication, with or 

without humans in the loop, using temporally updated 

data, enabling data analytics and simulations, thus 

supporting optimization processes and prediction of 

future states (Boje et al., 2020, Al-Sehrawy and Kumar, 

2021). DTs can be seen as an evolution of POEs, since 

they enable building monitoring and analysis, by adding 

dynamic analysis and simulation capabilities, and the 

bidirectional communication between the building and 

the virtual counterpart with the possibility to act on the 

physical world. To do that, DTs include: an acquisition 

layer such as an IoT system (Bolton et al., 2018); a 

dashboard to visualize and manage sensor data, and return 

insights, simulations, and predictions (Tomko and Winter, 

2019); a BIM model as starting point for the geometrical 

virtual replica of the building (Boje et al., 2020, Lu et al., 

2020); additional tools to provide predictions, 

simulations, and data analytics (Lu et al., 2019, 2020); 

and, a fundamental part, actuators or other tools to act on 

the real building. Some challenges for the definition of a 

DT are the integration of different data sources in the DT 

for further data analysis (Lu et al., 2019, Al-Sehrawy and 

Kumar, 2021) and the proper selection and integration of 

actuators or other tools to act in the physical world. 

Finally, occupancy detection and modelling have been 

investigated. Occupancy identifies the amount of people 

and time they spend in spaces, while occupancy patterns 

collect occupancy factors, i.e., occupancy values at room 

level, for a whole building or selected building areas 

(Barbosa et al., 2016). The Internet of Things (IoT) 

concept refers to the universal presence of “things” or 

“objects”, e.g., sensors and actuators, with digital 

identification and addressing schemes allowing them to 

work together to achieve some common goals (Giusto et 

al., 2010). IoT sensor networks have been widely applied 

for occupancy monitoring in the scientific literature 

(Wang et al., 2019). As regards the analysis of sensor 

types, camera-based, PIR, and CO2 sensors have the 

highest accuracy, however some privacy issues are 

identified (Wang et al., 2019): camera-based sensors 

present limitations for user detection only within the field-

of-view, like PIR sensors, in addition to privacy issues 

and the Hawthorne effect, which causes alterations of 

behavior when users are aware of being observed and, if 

ignored, can affect the reliability of collected data (Yan et 

al., 2017). Some challenges for sensor network planning 

and setting are: the selection of sensor types that are most 

suitable for specific applications (Boje et al., 2020); 

proper spatial distribution of sensors in indoor spaces 

(Tomko and Winter, 2019); IoT sensor system calibration 

(Yan et al., 2017) and collected data quality evaluation 

(Manngård et al., 2020). 

Methodology 

The research investigates the definition of a 

comprehensive methodology, integrating methods and 

tools to perform efficient building monitoring and 

optimization of space management and FM activities 

planning in relation to actual occupancy. In particular, the 

research aims to define a DSS based on occupancy 

patterns and simulations, enabling data visualization and 

analytics through a dashboard, integrating building data 

from POEs and databases, and real-time occupancy 

monitoring from an IoT sensor network. The proposed 

methodology is divided in four main steps (Figure 1), 

namely preliminary analyses, IoT sensor network, DSS 

and dashboard; and Key Performance Indicators (KPIs), 

which are described in the following sections. 
 

Page 522 of 605



 
Figure 1: Main steps of the proposed methodology 

 

Preliminary analyses 

The first step of the methodology includes the preliminary 

analyses to be initially performed on the building. 

Indicative POEs are applied being low cost, minimally 

invasive, and rapid analyses. The applied Indicative POEs 

include: a photographic and blueprint analysis of the 

building, obtaining a general survey of the building layout 

and space features; a documentary analysis, investigating 

the building main flows, functions, and FM activities. 

The functions and FM activities are then analyzed in 

relation to occupancy. Functions, and consequently 

spaces, are analyzed in relation to variable occupancy 

(O1.1), absent occupancy (O1.2), fixed and constant 

occupancy (O1.3), or authorized occupancy (O1.4), i.e., 

functions performed in spaces that are accessible only by 

specific authorization. The only spaces considered for 

occupancy monitoring are the spaces affected by variable 

occupancy. Then, FM activities are analyzed in relation to 

occupancy, which is considered on two levels: activities 

influenced by the specific number of users (O2.1), 

activities influenced by the generic presence of occupants, 

but not by the specific number of users (O2.2), and 

activities that are not influenced by occupancy at all 

(O2.3); the second level distinguishes between occupancy 

on a real-time (O3.1), hourly (O3.2), or daily basis (O3.3). 

For each FM activity the analysis highlights the type of 

occupancy that influences it, by selecting one of the three 

options for the first level (O2.1-3), and one for the second 

level (O3.1-3). For instance, heating, cooling and 

ventilation systems functioning are typically influenced 

by the number of users (first level, O2.1) and by real-time 

occupancy (second level, O3.1). On the other hand, 

security and emergency lights systems, typically placed in 

corridors and hallways, are not influenced by occupancy 

(first level, O2.3), therefore none of the columns O3.1-3 

of the second level is selected. 

The two analyses allow to define the sensor system 

detection requirements. The first analysis allows to 

identify the functions, and consequently spaces affected 

by variable occupancy for the subsequent monitoring 

phase. Therefore, the FM activities which are performed 

in the identified spaces are selected. These FM activities 

are in turn influenced by a certain type of occupancy, as 

identified by the second analysis. The sensor network 

should allow to monitor the identified occupancy type, 

i.e., the requirements for the sensor network are defined. 

IoT sensor network 

The second step of the methodology enables to perform 

Diagnostic POEs in existing buildings through continuous 

monitoring and evaluating actual conditions and usage of 

buildings during the O&M phase by means of an IoT 

sensor network. The Diagnostic POE aims at deeply 

investigate building conditions related to occupancy and 

space usage affecting user comfort and satisfaction, in 

order to optimize building use, space organization, and 

user satisfaction regarding their workplaces. The second 

step investigates the strategies and methods for: 

 selecting the sensor type; 

 mitigating sensor type-related issues; 

 planning and installing the IoT sensor network; 

 calibrating the IoT sensor network. 

The sensor type is selected according to the necessary 

detection requirements, considering the pilot study 

specific spatial features, and based on the sensor features’ 

investigation described in the literature review section. 

The main sensor type-related issues to be mitigated are 

implementation costs and privacy issues. The Indicative 

POE performed as first step of the methodology allows to 

identify the critical areas for monitoring, already 

representing a strategy to mitigate costs. Regarding user 

privacy issues, the use of cameras in the IoT network is 

especially critical and therefore a focus on studying the 

final solution in relation to how workers' data are treated 

is needed. To this end, a document is produced for the 

system analyzing features, whether and how workers' data 

are saved and/or treated in any way, and if and how 

building users are informed of the monitoring network. 

After installing the IoT sensor network, the network 

calibration is critical to ensure the collected data quality, 

i.e., data reliability and accuracy, and the proper 

functioning of the network (Seghezzi et al., 2021). It is an 

iterative process including five steps: data collection; data 

evaluation through qualitative analysis to identify major 

errors; real-time on-site testing to verify the error causes; 

correction of the error causes; and data collection to check 

for further errors. The calibration process is iterated until 

the system is calibrated, thus ensuring the data quality. 

Decision Support System and dashboard 

The third step of the methodology includes the strategies 

for planning and setting the DSS. It is defined as a 

dashboard, i.e., a dynamic tool integrating building data 

from preliminary analyses and initial Indicative POEs, 

and occupancy monitoring data from the Diagnostic POEs 

performed via the IoT sensor network. It aims to support 
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the decision-making process during the O&M phase 

through data analytics and simulations of possible 

occupancy scenarios, thus supporting the optimization of 

FM planning strategies and space organization. 

The dashboard has the following necessary features: 

 It is user-friendly: it can be easily accessed, read and 

used by non-experts, who are not required to possess 

any piece of software or license. 

 It allows to analyze and simulate building occupancy 

through data analytics, aggregation, and filtering. 

 It is temporarily updated to accurately represent 

building conditions over time. 

Therefore, the tool to produce the dashboard is selected 

considering: analytics, visualization, and communication 

capabilities; usability by non-experts; need for license and 

costs; availability of developers/online community 

support; and learning curve and level of necessary skills. 

Key Performance Indicators 

The fourth step of the methodology describes the KPIs in 

relation to which evaluating each hypothetical occupancy 

scenario. The proposed system considers three KPIs: 

 KPI_1: percentage of use of spaces. The lower this 

value, the higher the percentage of vacancies. 

 KPI_2: percentage of total current FM activity time 

of performing (representing the 100%). Reduced/ 

incremented time results from actual occupancy and 

space uses or from hypothetical occupancy scenarios. 

 KPI_3: percentage of total current FM activity costs 

(representing the 100%). Reduced/incremented costs 

result from the updated or hypothesized FM activity 

time of performing (KPI_2), including a percentage 

which represents system implementation costs. 

Pilot Study 

The building selected as pilot study hosts the Department 

of Architecture, Built environment and Construction 

engineering (DABC) of Politecnico di Milano. It is a four-

story building, with a total of 4300 square meters of gross 

floor area, and before the current research project it has 

never been monitored. The building has a symmetrical 

layout, with a common space in the center and two side 

corridors. Offices and workspaces are located on either 

sides of the two side corridors. The proposed research 

project is integrated into a departmental project for FM 

optimization aiming to test the methodology and evaluate 

the advantages and disadvantages. In addition, a BIM 

model of the building was already available from a 

previous research project (Di Giuda et al., 2020). 

Preliminary analyses application 

The first step of the methodology allows to perform an 

initial analysis of the building, to define main user flows 

and to define which spaces and FM activities could be 

analyzed through the proposed system. The application of 

Indicative POEs with photographic and documentary 

analyses allowed performing a non-invasive, quick, and 

inexpensive survey of the building. The Department 

office building hosts different types of users: 

administrative staff, teaching and research staff (e.g., 

professors, researchers, PhD candidates). There are 

several space types: administrative offices, research 

laboratories, meeting rooms, technical rooms, university 

staff offices, storage rooms, server rooms, and restrooms. 

In addition, the Indicative POE allowed for some major 

observations: there is an extensive use of the ground floor 

and a more variable and unpredictable use of other 

building floors; FM activities are planned without 

considering actual occupancy; and flexible space 

utilization is considered only for three co-working spaces 

located at the ground floor. 

The analysis of functions in relation to occupancy allowed 

to identify the administrative offices, research 

laboratories, meeting rooms, university staff offices, and 

restrooms as critical areas for occupancy monitoring, for 

a total of 70 out of 87 spaces of the building. The selected 

spaces are in fact characterized by variable occupancy in 

terms of number of users and/or time of occupation (Table 

1). The other functions and related spaces are not 

considered in the following steps. 
 

Table 1: Function-occupancy table. 

Functions/spaces - 

occupancy O
1
.1

 

O
1
.2

 

O
1
.3

 

O
1
.4

 

Administrative office X    

Research laboratory X    

Meeting room X    

University staff office X    

Storage room  X   

Technical room    X 

Server room    X 

Restroom X    
 

The analysis of FM activities in relation to occupancy 

highlighted that the use of almost all systems and cleaning 

and sanitization services are influenced by real-time 

occupancy; lighting and power systems, and space 

organization are influenced by occupancy on hourly basis; 

system maintenance is generally planned regardless of 

actual levels of occupancy and use, nonetheless it could 

be optimized by planning it based on, or cyclically revised 

according to, occupancy on a daily basis; and lighting 

systems and emergency lighting in common areas are not 

influenced by occupancy (Table 2). 
 

Table 2: FM activity-occupancy table. 

FM activities - occupancy 

O
2
.1

 

O
2
.2

 

O
2
.3

 

O
3
.1

 

O
3
.2

 

O
3
.3

 

Heating system use X   X   

Heating system 

maintenance* 

  X - - - 

Cooling system use X   X   

Cooling system 

maintenance* 

  X - - - 

Ventilation system use X   X   
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Ventilation system 

maintenance* 

  X - - - 

Lighting system use  X  X   

Emergency lighting system 

use 

  X - - - 

Lighting systems 

maintenance* 

  X - - - 

Internet connection use X   X   

Power system use  X  X   

Power system maintenance*   X - - - 

Shuttering system use  X    X 

Shuttering system 

maintenance* 

  X - - - 

Furniture use  X   X  

Equipment use  X   X  

Cleaning service** X    X  

Space organization X    X  
 

Table notes: 

* Maintenance is typically performed without considering 

actual occupancy. The proposed system could enable to 

optimize the maintenance by planning and performing it 

depending on the actual presence of users. 

** Cleaning services are influenced by occupancy on 

hourly basis, however spaces like restrooms are 

influenced by real-time occupancy since they are typically 

used for short time periods, consequently they should be 

monitored in real-time to count the number of uses, after 

which the restroom should be cleaned. 
 

The activities selected to be tested through the pilot study 

are cleaning services and space organization, that are 

influenced by occupancy in terms of number of users, and 

on real-time and hourly basis. 

Results 

The following paragraphs describe the results of the 

application of the second, third, and fourth steps of the 

proposed methodology on the pilot study. 

IoT sensor network planning, setting, and calibrating 

The second step regarded the installation of the IoT sensor 

network, performing a Diagnostic POE. Cameras were 

selected among the sensor types considering their high 

accuracy and the possibility to perform other kind of 

analyses, such as security and safety monitoring, making 

it possible to implement new functionalities to the system 

in the future, increasing the scalability of the system itself. 

The chosen sensors are High Quality Bullet Pro Camera 

PoE providing HD quality images, with a 110-degree 

view angle and a Wide Dynamic Range (WDR) which 

allows to compensate issues due to exposure to light. The 

network is installed in a dedicated and private Virtual 

Local Area Network (VLAN), and a static IP is provided 

for each network element. The detection is limited to 

common spaces, i.e., circulation areas and corridors. 

The issues of cameras to be mitigated, deriving from the 

literature review, are the following: 

 detection only within sensor field-of-view; 

 privacy issues and Hawthorne effect. 

Regarding the detection within the field-of-view, virtual 

objects representing the sensors were added to the BIM 

model of the building to check the best positioning and 

orientation of sensors, and to maximize the area covered 

by the sensors’ field-of-view. 

Concerning privacy issues and Hawthorne effect, five 

strategies were adopted. Firstly, none of the private 

offices and workstations are monitored, only corridors 

and common areas. As a second strategy, the system was 

set up to anonymously monitor users and not save nor 

store any image in the process. The user is recognized as 

a human by an embedded deep learning algorithm and 

translated into an anonymous agent that cannot be linked 

to a specific user identity. Consequently, the IoT network 

automatically avoids storing or displaying any real image 

or video recording, neither to the system operators nor to 

the department staff responsible for the network, and does 

not allow recognizing users directly or indirectly. The 

system is fully compliant with EU General Data 

Protection Regulation (GDPR). As a third strategy, the 

users were fully informed of the system before its 

installation, by presenting them the system features, 

functioning, and privacy measures. The fourth strategy 

involves placing information signs in the monitored areas 

notifying users about: monitored areas, main monitoring 

goals, how data is processed, and the location of the 

system detailed report. The latter represents the fifth 

strategy and it is a document available to the users 

describing: system goals and features, how data is 

anonymized, collected, and processed through the 

dashboard, and the subjects responsible for the system. 

Information signs and document are being revised and 

will soon be implemented and made available to users. 

In addition, the system includes an online webpage 

(which was set up along with the IoT sensor network), 

showing the building blueprints and the real-time 

anonymized user movements, represented by anonymous 

icons. The webpage is only accessible and used by 

department staff to monitor the functioning of the sensors, 

and to manage the sensor network settings. 

The only data collected by the system and stored in a 

database (DB) are: occupancy values (number of users) at 

room level (O); period of time (T) during which users 

occupy a room. The only data stored are in fact the 

number of people entering or leaving the rooms, which 

allow to define the occupancy at room-level. Data in the 

DB are accessible only by the facility manager and 

department staff. Data are then additionally anonymized 

by aggregating them at floor and building level, 

consequently eliminating the association of occupancy 

data with specific rooms for the subsequent phases of data 

analysis and simulation. 

The network calibration was performed as explained in 

the methodology, for a total of three calibration test 

campaigns performed in June 2020, in November 2020, 

and in May 2021, with a three-month period of data 

collection for each test campaign (Seghezzi et al., 2021). 
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The following issues have been detected and adjusted to 

calibrate the system: camera not working; issues in 

detecting users due to the distance between camera and 

to-be-detected area; obstructions or obstacles in corridors 

impeding user detection; user behavior deceiving the 

camera detection; elevated lighting contrast; difficulty 

detecting cleaning employees; needed adjustments of 

geofences which represent the entrance area of each room 

where users are counted as entering or leaving the rooms. 

Decision Support System and dashboard definition 

After planning, setting, and calibrating the IoT sensor 

network, the DSS was planned and set as a dashboard to 

support the decision-making process of facility managers. 

The dashboard can be easily accessed and used by the 

facility managers and by non-experts to visualize and 

analyze building conditions and to select and take data to 

perform simulations of what-if scenarios. 

According to the requirements for the selection of the 

dashboard tool, as described in the methodology section, 

Microsoft Power BI was selected to set the dashboard, 

allowing to produce shared reports containing dynamic 

charts and graphics. Reports are communicative, easily 

accessible and usable, and can be retrieved and shared 

with authorized people, who can view data and results 

even without having installed the software or owning a 

license. Finally, the software does not require advanced 

coding skills and it is comparatively user friendly; the 

extracted data are managed and processed by calculation 

models implemented by data sheets. Similarly, sensor 

data cleaning and processing is performed through data 

sheets, before being analyzed through the dashboard. 

The dashboard is divided in two modules: a data analytics 

module and a simulation module. 

The data analytics module was set in a first configuration: 

different web pages allow for collected data visualization, 

query, aggregation, and analytics through selected 

graphics. They allow to monitor and investigate 

occupancy and vacancies at floor and building level, 

visualizing and filtering occupancy on daily, weekly, and 

monthly level, and in relation to functions and user roles 

inside the organization. The possible outputs are: 

percentages of space usage and vacancies; identification 

of over- and underutilized spaces; prioritized cleaning 

activities in relation to actual space occupancy. 

Figure 2 shows the dashboard web page analyzing data of 

the pilot building ground floor, with data collected from 

June to October 2021. The ground floor mainly hosts 

administrative staff and spaces are administrative offices, 

meeting rooms, study rooms, and restrooms. The graphics 

analyze used spaces, average usage time, and average 

number of users along the selected period. From this first 

data analysis some considerations can be made. There is 

a large variability in the use of offices especially in the 

period August-September probably due to summer 

holidays. However, most spaces are still used even if by 

fewer people and for less time. Regarding meeting rooms 

and study rooms, they are rarely used and by a highly 

variable number of users. Finally, the use of restrooms is 

proportionate to the use of other spaces. This first data 

analysis could highlight the less need for cleaning study 

and meeting rooms which as of now are cleaned with the 

same frequency of offices and restrooms. On the other 

hand, during the summer period offices and restrooms 

cannot be cleaned less since they are still used for the most 

part, even if for less time and by fewer people. 

The simulation module is still under development and, 

once completed, data collected of all building floors and 

for a longer period (around one year from the last 

calibration test) will be analyzed. The simulation module 

will enable to simulate different space organization 

strategies, by inputting new occupancy values and time 

periods of use for spaces at floor and building levels. 

Dashboard web pages with selected graphics will allow to 

compare the hypothesized occupancy scenarios with 

current building occupancy patterns. Consequently, it will 

Figure 2: First configuration of the dashboard data analytics module of the ground floor of the pilot building. 
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be possible to: compare proposed space organization 

strategies and related cleaning plans with current 

conditions; test different cleaning strategies according to 

actual use of spaces or new hypothesized occupancy 

levels, i.e., according to the number of users and time 

period of use at floor and building levels. 

Key Performance Indicators and evaluation of 

occupancy scenario simulations 

The proposed simulation scenarios will be evaluated 

according to the three KPIs described in the methodology 

section, defining a hierarchy of the proposed occupancy 

and FM planning scenarios. It will be possible to 

investigate and evaluate the scenarios according to the 

results of the KPI application. The facility manager and 

building owner will then be able to select the most suitable 

option for actual testing and application in the building, 

supported by the results of the proposed system. 

Conclusions 

The proposed system will act as a DSS during the O&M 

phase, enabling optimized management of spaces 

according to actual occupancy values. Building spaces 

will be organized and managed depending on the 

simultaneous use of rooms by multiple users and on the 

time they actually occupy them, thus considering actual 

user needs in terms of spaces. Reorganization and 

redistribution of spaces due to staff or activities changes 

overtime will be supported by analyses and occupancy 

scenarios development through the proposed system, 

consequently increasing the workplace adaptability to 

changing conditions and needs. In addition, insights and 

occupancy trends from the system dashboard will allow 

the optimization of cleaning activities and contracts that 

are currently based on building floor areas. This will allow 

to optimize cleaning services based on actual space 

occupancy, therefore ensuring cost savings and increased 

comfort from reduced cleaning of underutilized spaces, 

and improved cleaning of the most used spaces. At the 

same time, this will ensure an increased satisfaction and 

well-being of users regarding their workplaces. In a short-

term view it will be possible to define optimizations and 

savings, accordingly enhancing facility managers and 

building owners awareness about the possible advantages 

of occupancy monitoring, analysis, and simulation over 

time. 

Possible further developments of the research are the 

automation of collected data cleaning and classification 

processes for the subsequent actuation of a real-time 

management through the dashboard. In addition, the 

simulation of occupancy and cleaning scenarios could be 

automated and performed directly by the dashboard on the 

basis of collected data analyses. Consequently, it could 

provide the operator with the simulation results and 

possible optimization strategies and suggestions. 

Furthermore, introducing controls and other tools (e.g., a 

mobile application for space booking) to act on the 

physical building and integrating them with the proposed 

system will allow defining a Digital Twin for FM. In a 

long-term view it will be possible to define criteria for 

optimized design of future office buildings with similar 

functions and expected occupancy values and variations. 

In addition, guidelines for proper occupancy monitoring, 

analysis, and simulation during the O&M phase could be 

defined, ensuring the continuous improvement of existing 

buildings’ use and the increase of building adaptability to 

changing requirements and needs over time. 
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Abstract 

The idea of a Digital Twin [DT] has been gaining 

increasing attention in the field of urban management. 

Several case studies, pilot projects and proof-of-concepts 

are carried out to demonstrate the value of DTs which also 

generates ‘DT knowledge’ (i.e. know-how) about how 

DTs are developed. However, there appears to be no clear 

Knowledge Management [KM] strategy to guide proper 

capturing and retrieval of such DT knowledge by DT 

researchers and practitioners. This paper uses a Design 

Science Research [DSR] methodology to propose a 

codification KM strategy, built upon a novel Knowledge-

based System for DT Design and knowledge Transfer 

[KB2DT] that facilitates capturing, sharing and reuse of 

DT knowledge. This strategy can help reproduce DT best 

practices and thus, support the thriving of DT market at a 

large scale. 

Introduction 

Recently, the concept of Digital Twin [DT] has pervaded 

the field of urban management, promising to deliver huge 

benefits pertaining to managing the urban eco-system 

comprising built assets, city infrastructure and natural 

environment (Al-Sehrawy & Kumar, 2021). With that 

said, the importance of Knowledge Management [KM] 

for DT researchers and practitioners within urban 

environment must not be underestimated. Alsehrawy et al. 

(2021) highlighted how crucial it is to capture, share and 

disseminate knowledge related to and created through 

various DT practices (i.e. know-how). 

KM is widely recognized as strategies and processes used 

to capture, share, structure, maintain and reuse 

knowledge. (Lin ,2005; Tan et al., 2010; Al Sehrawy & 

Amoudi, 2020). In a general sense, Hansen et al. (1999) 

identified two types of KM strategies adopted by different 

organizations. First is the codification strategy, where 

computers with databases are used to stored codified 

knowledge that are made available for everyone else to 

retrieve and reuse. On the other hand, there is the 

personalization strategy, where computers are used not to 

store knowledge but merely to help establish “direct 

person-to-person” communication, since one can only 

acquire knowledge through direct contact with the person 

who created it. 

However, the nascent discipline of digital twinning for 

urban management seems to lack a clear KM strategy. 

This has limited the DT practitioners’ accessibility to 

currently available expertise and the legacy of know-how 

accumulated by virtue of DT projects, demonstrators and 

case studies already carried out across the global DT 

market, thus hindering the latter’s development. 

Therefore, this paper proposes a codification KM strategy 

that exploits IT to enable capturing, dissemination and 

reuse of existing DT (know-how) at a large scale and 

support the creation of new knowledge as well. 

Methodology 

The methodology adopted in this paper is Design Science 

Research [DSR] (Dresch et al., 2015). DSR has evolved 

to fill the gap in the traditional scientific approaches 

which are mainly exploratory, explanatory and 

descriptive yet not known for solving problems. However, 

DSR are concerned with producing solutions of relevance 

to real world problems and simultaneously contributing to 

knowledge. DSR includes the following five stages: 

● Stage 1 – Awareness of problem: the problem DSR 

addressing has been highlighted by the researcher in 

the introduction of this study, that is, the lack of a 

clear KM strategy for DT practices for urban 

management. 

● Stage 2 – Suggestion: the second step in DSR 

requires, first, to match the different aspects of the 

problem identified in stage 1 with a corresponding set 

of design requirements that an artifact must fulfil to 

solve the problem. Consequently, use creativity and 

abduction reasoning to suggest a conceptual proposal 

of an artifact that is potentially capable of fulfilling 

the set requirements and thus, solving the problem. 

This stage is detailed in the following section. 

● Stage 3 – Development: once a tentative design of an 

artifact is proposed, the third stage of DSR, 

commences through constructing the artifact and all 

of its detailed components. The primary output of this 

step is a functional and ready-to-use artifact. 

● Stage 4 – Evaluation: at this stage, the developed 

artifact is put to the test to assess whether it can 

perform in a manner that provides a satisfactory 

solution to the problem highlighted in the first stage. 

This is achieved by comparing the artifact evaluation 

results to the requirements recommended for the 

artifact to acquire in stage 2. In stage 4, three DT case 

studies were used as demonstrators of key parts of the 

artefacts. 
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● Stage 5 – Conclusion: in the final stage of DSR, 

research is concluded through highlighting its key 

results, contribution, limitations and opportunities for 

future studies. 

Stage 2 – Suggestion 

To tackle the problem above – the lack of a KM strategy 

for digital twinning for urban management – it is crucial 

to propose an artifact upon which the clear codification 

KM strategy can be founded. Such an artifact, hence, is 

supposed to enable capturing, storing, retrieving as well 

as creating DT knowledge (table 01). It is suggested that 

this artifact be a DT Knowledge-Based System [KBS] for 

the many significant benefits they provide in support of 

KM (Wiig, 1997). 

 
Table 1: Types of knowledge relevant to KB2DT 

Types of 

knowledge 

Description KB2DT system 

Declarative Knowledge 

about things 

and their 

properties 

(Genesereth & 

Nilsson, 1987) 

DT features 

taxonomy (DTUCS 

Prong-C), DT uses 

taxonomy (DTUCS 

Prong-A), existing 

DT systems and 

their classification 

Procedural Knowledge 

about how to 

do something 

including rules, 

procedures, 

strategies, etc. 

(McNamara, 

1994) 

DT use case 

scenarios (DTUCS 

Prong-B) expressed 

via UML scenario 

diagrams 

Heuristic Expert 

knowledge 

based on 

previous 

experiences, 

such as best 

practices, 

guidelines, 

principles, etc. 

(Llorens et al, 

2009) 

KB2DT ontological 

knowledge base 

represented in XML 

and including 

DTUCS Prong-A, B 

and C and their 

relationships. Best 

practices are 

captured by the 

weighted 

interconnection 

between layers 

based on previous 

utilisations and 

users’ feedback 

Structural Knowledge 

about 

relationships 

between 

concepts, such 

as ‘is a’, 

‘composed of’, 

‘Part of’, etc. 

(Jonassen, 

2000) 

Relationships 

between the 

different concepts 

of the KB2DT 

ontological 

knowledge base: 

‘Includes’, 

‘Ensures’ and 

‘Detailed by’ 

 

Artificial intelligence (AI) enables automatically 

reproducing the cognitive processes of human experts 

with tools such as knowledge-based systems, machine 

learning techniques, and optimization algorithms  

(Doukari & Greenwood, 2020). A knowledge-based 

system (KBS) is a tool designed and developed mainly for 

sharing and transferring knowledge (Hendriks, 1999; 

Oleshchuk & Fensli, 2011). This knowledge is acquired 

directly or indirectly from domain experts in different 

expertise areas. KBS provides aid and support to users 

lacking a specific know-how, and so substitutes for 

human experts (Ahmed et al., 2019). Its intelligence 

emerges from its ability to mimic the human decision 

process while reasoning and using domain specific 

knowledge (Mirmozaffari, 2019).  

Starting from the mid-60s, where the first Knowledge-

based systems were developed (Liao, 2005), they have 

evolved and been used, thanks to the advances of 

Information and Communications Technology (ICT) 

solutions, for different purposes and applied within 

several domain applications including construction-

related applications such as: design optimization 

(Andersen et al., 2013; Chou & Thedja, 2016; Laptali & 

Bouchlaghem (1995), logistical problems (Zhang et al., 

2002) and enrichment (Doukari & Greenwood, 2020; Lee 

et al., 2006) or validation of BIM models (Lee et al., 2016; 

Stuurstraat & Tolman, 1999; Motawa & Almarshad, 

2013). 

Design of innovative systems is a complex, time and cost 

consuming task. Setting the right specifications for the 

system is crucial to satisfy users’ requirements and 

maximize the business value of the product (Ruhe et al., 

2002). To develop a valuable and efficient system, 

developers must have sound knowledge of the domain and 

possess the relevant professional skills. Implementing a 

KM strategy supported by a KBS to help practitioners 

develop DTs will certainly contribute to reducing the 

complexity of this process and solving the related multi-

constraints problem – time, cost, quality, resources, and 

users’ requirements and satisfaction and coherence. 

Figure 1 illustrates the Knowledge-based for DT Design 

and knowledge Transfer System [KB2DT]. It comprises a 

set of uses or functionalities that can possibly be the 

following two types of system users: 

● DT Practitioners: KB2DT users who need to acquire 

the know-how elaborating how existing DTs were 

built; visualize and compare different existing DTs, 

design their own DTs; and share or transfer the know-

how pertaining to their own DT projects, all in a 

standard common language. 

● DT Expert: Who maintains KB2DT by updating it 

frequently and validating new DT knowledge shared 

by other DT practitioners. DT Expert needs to 

authenticate published knowledge in terms of 

semantic soundness, whereas the KB2DT system 

should be able to automatically integrate it and 

maintain the whole consistency of the knowledge 
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● DT Expert: Who maintains KB2DT by updating it A 

Figure 2: DTUCS Prong-A: DT Uses. (Alsehrawy et al., 2021) 

Figure 1: Knowledge-based for DT Design and knowledge Transfer System [KB2DT] use-cases diagram 

Figure 3: DTUCS Prong-C (Alsehrawy et al., 2021) 

Page 531 of 605



base through algorithms and procedures combining 

logical reasoning operators (e.g. knowledge fusion 

and revision operators (Doukari et al., 2007)) and 

expert knowledge. 

Stage 3 – Development 

DTUCS – A standard common language 

Before explaining the different parts of KB2DT, we shall 

first introduce the Digital Twin Uses Classification 

System [DTUCS] (Alsehrawy et al., 2021) selected to 

form the basis of KB2DT and its ontological knowledge 

base. In a nutshell it is the system that offers the standard 

common language for capturing, sharing and creating DT 

knowledge within KB2DT. It is made up of the following 

three Prongs:  

Prong-A: comprises a taxonomy of all identified ‘DT 

uses’ (Fig.2), which are “the technical functions or actions 

executed” by a DT amongst a DT use case scenario. They 

are “the standard building blocks upon which a standard 

common language is founded”. 

Prong-B: enables modelling of a DT use case scenario 

[UCS], representing the DT delivery plan demonstrating 

how a particular DT has been developed, including 

implemented DT uses and DT-users interactions. This is 

done based on Unified Modelling Language (UML). 

Prong C: a multi-dimensional classification framework 

(Fig.3) comprising at its center the purpose of the DT, also 

known as the General Use Case [GUC], surrounded by 

seven distinct dimensions representing the various DT 

features altered and refined as necessary to deliver the 

DT’s GUC. 

KB2DT System Architecture 

KB2DT’s system architecture, shown in figure 4, 

comprises typical core parts of KBSs. These include the 

following four main components: 

(A) DT Ontological Knowledge Base: Where KB2DT 

stores the DT knowledge tied to all published DT Use 

Case Scenarios [UCSs], including (i) the DT uses 

implemented as per the standard terminology in DTUCS 

prong-A (Fig.2), (ii) the different DT-user interactions 

captured by DTUCS prong-B and (iii) the specifications 

or characteristics of the developed DTs as captured by 

DTUCS prong-C (Fig.3). This DT knowledge is stored in 

Extensible Markup Language [XML], which is a human 

Figure 4: KB2DT System Architecture 
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and machine-readable format. As such, DT knowledge is 

represented independently from the context and the 

inference engine component, so as it can be transparent, 

sustainable and easily understood and extensible by the 

users. The Ontological Knowledge Base is further 

detailed in the following section. 

(B) DT Design Inference Engine: To design a DT UCS, 

equivalent to a DT delivery plan, the DT Practitioner/user 

will initially provide input about the DT uses expected to 

be implemented or the features specified for the proposed 

DT. Accordingly, KB2DT will retrieve either or both of 

the following: 

● based on “DT Uses Design” module, a set of existing 

DT UCSs including DT uses (Fig.2) similar to the 

ones suggested by the user. 

● based on “DT Features Design” module, a set of 

existing DTs already characterized by DT features 

(Fig.3) similar to those specified by the user. 

Results retrieved are ranked based on similarity 

measurement as well as weight which depends on 

previous utilizations and users’ feedback. When a user 

accepts reusing a suggested result, this will increment its 

weight and reinforces its future retrieval by the system. If 

the user does not accept any recommendation, they can 

still proceed with their own design from scratch, which 

will be integrated into the knowledge base upon experts 

review and validation in terms of semantic soundness. 

Using users’ feedback and historical data tools props up 

KB2DT with additional learning capabilities and 

enhances its future recommendations. Several similarity 

measures were used in literature, like Vector space 

distance (Liao et al., 2000), taxonomy-tree measure 

(Camarillo et al., 2017) and k-Nearest-Neighbours 

algorithm (Adam & Aurich, 2013). Implementing an 

appropriate metric is fundamental to retrieve appropriate 

knowledge and make relevant recommendations (Zhu et 

al., 2015). KB2DT system implements the k-Nearest-

Neighbours algorithm, since it has shown promising 

results and demonstrates applicability in many domains, 

especially in structured and well-classified knowledge 

bases (Burggräf et al., 2020). 

The third module in the DT Design Inference Engine 

component is the “Design Transparency” module, which 

provides information about the inference and reasoning 

processes that have taken place to endow KB2DT with 

explainability and transparency necessary for justifying 

the recommendations provided for users. 

(C) DT Knowledge Acquisition and Update: Allows DT 

experts and practitioners to enrich, extend and modify the 

knowledge base. Once new DT knowledge (i.e. a UCS) is 

submitted for publication, this component automatically 

checks the consistency of the whole knowledge base and 

notifies the DT expert, before integration, if any further 

action is required. 

(D) Graphical User Interface: comprising four main 

functionalities or tabs, to support query, design, transfer 

and update of DT knowledge. 

The “UML Library” is additional external and open 

resource component linked to the DT Design Inference 

Engine in order to provide the system with UML-based 

annotations and modeling rules required to model and 

document a UCS. 

KB2DT Ontological Knowledge Base 

The knowledge base is typically considered the most 

important component of any KBS, whereas creating it 

represents an essential step in developing a KBS (Hayes-

Figure 5: KB2DT Ontological Knowledge Base 
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Roth, 1984). In this paper, a simplified prototype version 

of KB2DT’s knowledge base is presented. It is built to 

store and accumulate new DT related knowledge and case 

studies published and shared by DT practitioners. How to 

validate and verify a KBS’s knowledge base and the way 

it operates remains a key issue in AI research domain 

(Yanase & Triantaphyllou, 2019). To mitigate this 

problem and enable transparent reasoning the KB2DT 

system is enhanced by integrating the Design 

Transparency module that will provide explanation about 

the inference and reasoning processes that have been 

taken. 

In knowledge representation and reasoning, several 

representation formalisms and knowledge structures have 

been proposed and developed. Propositional logic 

formalism using “If-Then” rules is the most applied to 

represent knowledge bases. While “If-Then” logical rules 

are easy to implement, they are limited in terms of 

expressiveness when dealing with incomplete, fuzzy and 

uncertain knowledge (Doukari et al., 2007). For KB2DT, 

we propose an ontological representation of DT 

knowledge made of four layers, namely: DT Features, 

DTs, DT Uses and DT Use Case Scenarios [UCSs] 

(Fig.5). Our approach is based on the notion of ‘program 

slicing’ aiming at splitting systems and software in 

different subsystems each one responsible for specific 

computations and system behaviours (Weiser, 1982; 

1984). System engineers intuitively break down complex 

systems into smaller coherent components and modules 

made of functions and subroutines with specific purposes. 

Figure 5 illustrates this rational by capturing and 

representing DT knowledge through four structured layers 

derived from DTUCS. Such a structure will help reduce 

DT design and development time, since nearly 80% of 

system design tasks seem to be repetitive (Skarka, 2007) 

Stage 4 – Evaluation 

Selection and analysis of DT case studies 

The following three case studies were selected randomly 

from the case studies’ repository in UK National Digital 

Twin Programme DT Hub in order to eliminate bias. 

Case study 01 – City-scale Digital Twin Prototype for 

Cambridge 

This DT (National Digital Twin programme, 2021a) 

focuses on “exploring behavioral insight for reducing car 

dependence by considering the socio-economic 

characteristics of various site users”. A [GUC] suggested 

for this DT is “support city policy-making.”, lying at the 

heart of ‘futures planning’ area of application and 

addressing the ‘initiation’ lifecycle stage.  

It captured GIS model of road network within Cambridge 

while monitoring the Automated Number Plate 

Recognition (ANPR) sensor data and their respective 

travel direction, time of arrival and parking duration for 

one week in 2017, thus, producing a dynamic yet offline 

DT with a city spatial scale and individual vehicles 

spatial resolution. Based on such data, a rule-based 

algorithm is used to document distinct car user groups 

through a computational process. 

While this DT is performing at a sub-system level of 

federation, involving only road networks, there is a plan 

to operate at a systems level through integrating multiple 

Figure 6: DT Case Study 01 Use Case Scenario 
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digital twins related to transportation infrastructure 

systems such as “roads, traffic signals, kerb side, bus/rail 

networks and legacy systems”. 

The DT is utilized to run scenario simulations, through 

altering user-defined input like “future employment, 

housing growth and the associated spatial distribution” to 

explore what the outcomes might be against users’ 

expectations. This obviously indicates how the DT cuts 

through both urban layers of infrastructure assets, 

comprising road networks, and the socio-economic 

environment, including housing and employment related 

variables. 

This DT is primarily built to inform policy making and 

“support human decisions … hence does not include 

algorithmic decision making” (i.e. actuate). The Origin-

Destination flow data and simulation results are visualized 

over GIS platform for decision makers to have better 

understanding of road network dynamics. The developed 

prototype, however, does not support community 

engagement, whereas “the user interface … is oriented 

towards professionals in local authorities and academic 

users”. Nonetheless, it is pointed out that “extended user 

interface tailored according to different user backgrounds 

is to be explored”. Figure 6 shows this DT use case 

scenario modelled by KB2DT. 

Case study 02 – Coventry University Digital Campus 

The Digital Twin of Coventry University (National 

Digital Twin programme, 2021b) is built through 

digitising over 110 individual buildings constituting the 

main Coventry Campus. It is developed to “manage 

building information more efficiently, reduce operational 

costs and provide accurate building and asset data for all 

estates and university stakeholders”. 

The DT general use case [GUC], inferred from the 

documented purpose, can then be: ‘reduce operational 

cost’, which is most relevant to the application area of 

‘resource management’ and the ‘operation and 

maintenance’ lifecycle stage. 

The DT involved capturing BIM models of buildings at 

the Coventry Campus and monitoring energy data and air 

temperatures via sensors, thus, mirroring both built and 

natural layers of urban environment in a dynamic online 

manner. Moreover, various building systems like CAFM 

and BMS were integrated and linked to the Common Data 

Environment [CDE] as well, presenting a system level of 

federation. The DT, comprising a full campus, is spatially 

equivalent to a neighborhood scale yet provides a higher 

resolution at an individual building space or zone. 

Through visualizations of different building graphical and 

non-graphical information, the DT informed decisions 

including “decisions on when to service assets, dates for 

planned preventive maintenance, information about 

energy consumption and reduction can be monitored, 

occupancy and space utilisation and access control 

management decisions”. Figure 7 shows this DT use case 

scenario modelled by KB2DT. 

Case study 03 – Smart Energy Digital Twin for 

Bridgend County Borough Council (BCBC), Wales 

This case includes a district heat network DT that 

“automates optimised plant, pipe sizing, and network 

routing based on peak load analysis using real property 

data in conjunction with established benchmarks” 

(National Digital Twin programme, 2021c). Thus, a 

suggested [GUC] for this DT is “Optimize heat network 

design”, which is relevant to ‘resource management’ area 

of application. 

Figure 7: DT Case Study 02 Use Case Scenario 
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The DT is obviously serving the ‘design’ lifecycle stage. 

It captured GIS model of the district of interest and other 

unstructured data sets. Also, it monitors the heat energy 

loads at district households. It, therefore, mirrors aspects 

of two urban layers – built and socio-economic 

environments – in a dynamic online manner. Moreover, 

datasets relevant to various heat energy network 

components like pumps, piping and outlets at households 

were integrated, demonstrating a system level of 

federation.  

The DT, involving a heat energy network spreading over 

a full district is spatially equivalent to a neighborhood 

scale yet provides a higher resolution at an individual 

network component and household. 

Data mirrored are leveraged in different ways. They are 

used to compute heat pump sizing and verify produced 

network design based on “benchmarks”. Data were also 

exploited to compute fuel poverty indicators based on 

household income, household energy requirements and 

fuel price elements. Further, the DT can run scenario-

simulations based on alternative input scenarios of energy 

usage profiles. 

Communication with DT users is done through the 

visualization of dashboard infographics (e.g. digital 

representation of a smart energy network that is 

automatically generated, flow metrics, health energy 

profiles, quarterly heat energy requirements) to provide 

analytics and insights. Another form of communication, 

in pursuit of transparency and community buy-in, is the 

use of interactive 3D web mapping platform for 

community engagement. Furthermore, DT developers are 

planning to use Unreal Gaming Platform for immersive 

interactions. 

The DT informed decisions including “decisions on when 

to service assets, dates for planned preventive 

maintenance, information about energy consumption and 

reduction can be monitored, occupancy and space 

utilisation and access control management decisions”. 

Figure 8 shows this DT use case scenario modelled by 

KB2DT.  

Stage 5 – Conclusion 

This paper has shed light on the need for shaping a 

Knowledge Management [KM] strategy for urban digital 

twinning. A codification KM strategy is promoted with a 

proposed Knowledge-based system (i.e. KB2DT) upon 

which the former is founded. The main purpose of 

KB2DT is to facilitate the capturing and sharing of DT 

practical knowledge (i.e. know-how) across DT market 

using the standard common language offered by DTUCS. 

Three case studies were used to theoretically demonstrate 

how KB2DT may support a codification KM strategy at a 

large scale. The attempt to capture the know-how from the 

textual documentation of each case study in a coded form 

Figure 8: DT Case Study 03 Use Case Scenario 
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was challenging, time consuming. It also appeared that 

some valuable information regarding the involved 

stakeholders and the exact datasets used were either not 

stated or not explicitly clear in the textual documentation. 

All, thus, showed the necessity of a KM strategy and the 

value of using KB2DT in capturing such knowledge. 

The next step, currently in progress, is building a 

prototype of KB2DT to demonstrate the usability of the 

system through more practical means. Further 

enhancements to KB2DT may include introducing an 

authorization layer to grant right level of access to stored 

DT knowledge to different users. Moreover, most of 

existing knowledge-based systems are developed and 

used as stand-alone software (Saibene, 2021) which can 

significantly limit their utilisation and consequently 

reduce know-how sharing and transfer. To overcome this 

issue and provide DT expertise in a more convenient way, 

KB2DT is developed following a Web-based architecture 

and thus, can be deployed on a cloud server.  This should 

enable more accessibility and contribute to a broader 

sharing of DT knowledge. A long-term vision for KB2DT 

may involve full automation of the validation process 

currently carried out by human DT experts. This, 

however, will require a comprehensive ontology 

capturing the whole urban environment and the urban 

management domain concepts and relationships. This 

converges with the ultimate goal of the Information 

Management Framework [IMF] by the National Digital 

Twin [NDT], including both the Foundation Data Model 

[FDM] and Reference Data Library [RDL] (Hetherington 

& West, 2020). 
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Abstract 

Despite the optimization of maintenance processes 
through digitalization, the inspection processes of bridges 
to determine damages are still analog. At the same time, 
damage data records are not organized and in a transpar-
ent and consistent manner so that all project participants 
can access and exchange the data interoperable. By com-
bining innovative technologies and using open data ex-
change formats, this paper presents an approach that fur-
ther optimizes and automates the process chain for dam-
age management in the maintenance of bridge structures. 
In this context, a Cloud Computing system (CCS) serves 
as a central data hub for comprehensive and consistent 
storage and management of damage related data.  A Com-
mon Data Environment (CDE) with an integrated digital 
building model, a damage library and an artificial intelli-
gence (AI) module are implemented in the CSS. The con-
cept exclusively uses open exchange formats to further in-
tegrate all project participants while improving collabora-
tion in the maintenance phase and ensuring interoperabil-
ity. In addition, robotics and artificial intelligence are used 
to automate the process chain of damage capturing and 
evaluation.  
In this paper, the above aspects are highlighted and a con-
cept for an automated damage management for the 
maintenance phase of bridge structures using walking ro-
bots and digital models is developed and realized as a 
mock-up. 

Introduction 
Bridge structures have a special significance for the econ-
omy and society for Germany and Europe. (Hartung et al., 
2019) At the same time, the provision of resilient infra-
structure is a challenging task with multidimensional 
complexity. (Klemt-Albert et al., 2018) Especially due to 
the long operating phase of bridges, the maintenance of 
bridge structures is of particular importance. (Hartung, 
2021)  
Maintenance processes in Germany run according to a de-
fined standard DIN 1076 in fixed cycles. (Deutsches In-
stitut für Normung e.V., 1999) Maintenance management 
processes are manually and require a lot of material and 
human resources. The use of digital methods and technol-
ogies has led to the first approaches to digital maintenance 
management. In the future, the maintenance of bridge 
structures should be predictive and not reactive. This al-

lows potential damage to the structure to be detected be-
fore it occurs. In this way, the service life of bridges can 
be increased in the long term. (Hartung et al., 2019) 
In order for the existing potentials to be experienced 
through the implementation of disruptive technologies for 
the maintenance of bridge structures, a reorientation of 
existing processes is required. For example, the use and 
linking of digital models, robotic systems, and artificial 
intelligence (AI) in the area of damage management can 
increase process efficiency and raise the level of automa-
tion. As a result, damages can be detected at an early stage 
and its impact minimized. This will make a significant 
contribution to future-oriented digital maintenance in the 
transport infrastructure. Furthermore, the chance is sup-
ported by the establishment and focus of uniform stand-
ards on an organizational, process-related and data-related 
level in the context of the openBIM approaches. 
In this article, the above aspects are addressed and a con-
cept for automated damage management for the mainte-
nance phase of bridge structures using legged robots and 
digital models is developed and implemented in a mock-
up. By applying the concept, damage assessment and in-
terpretation can be made more efficient and automated. In 
addition, the use of a CDE and open exchange formats 
will strengthen and standardize collaboration between the 
parties involved in maintenance. 

Methodology 
The general approach is set up with three consecutive 
tasks - (i) the determination of the state of the art, (ii) con-
cept development and (iii) mockup implementation. In the 
first step, the general state of the art is determined by a 
literature analysis. On the basis of this analysis, the con-
cept for the automated damage management is developed 
using a legged robot and digital building models. The con-
cept of damage management for the maintenance of 
bridge structures focuses on the representation of a holis-
tic, automated process and interoperable data flow using 
open exchange formats like the Industry Foundation Clas-
ses (IFC) or the BIM Collaboration Format (BCF) based 
on the building information modeling method. The main 
process of the concept is divided into five individual sub-
processes: Provision of the digital model, preparation of 
the inspection tour, image acquisition, image processing 
and the damage representation. In the next step, the indi-
vidual components are implemented in a mock-up. This 
demonstrates and confirms the basic feasibility of the con-
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cept. At the end of the article, a critical review of the re-
sults is provided and an outlook on the resulting research 
questions is presented. 

State of the Art 

Mobile Robots 

Mobile robots have a wide range of applications and spe-
cial capabilities for navigating through unstructured and 
difficult terrain, as well as a significant potential for fur-
ther automation of quality management processes. For 
these reasons, the fundamental interest in mobile robot 
systems has increased in recent years. Basically, there are 
different types of mobile robots, which can be distin-
guished according to the type of locomotion. (Lattanzi 
and Miller, 2017); (Zang et al., 2016); (Afsari et al., 2021) 
These types of mobile robots include unmanned aerial ve-
hicle (UAV), wheeled robots, climbing and crawler ro-
bots, and legged robots. In particular, the field of legged 
robots offers great potential for use in difficult construc-
tion site environments and is more versatile than wheeled 
robots. (Hutter et al., 2017) For example, legged robots 
have better adaptability in rough terrain due to the in-
creased degree of freedom of the legs (Fankhauser, 2018) 
and can achieve a higher locomotion speed. (Hutter et al., 
2017) In addition, legged robots can detect obstacles, 
overcome height differences, and have many degrees of 
freedom in movement, regardless of the ground or leg po-
sition. (Afsari et al., 2021) (Grandia et al., 2020)  

Mobile and legged robots on construction sites 

For direct use on the construction site, mobile robots, es-
pecially robots with wheels and legged robots, have so far 
been used mainly for activities in data acquisition for con-
struction site documentation and construction progress 
control. For example, the papers of (Prieto et al., 2020) 
and (Karimi et al., 2021) investigated different develop-
ment approaches based on a wheeled robot. Yan et. al. 
present the development of a wheeled robot for quality 
control inspections in the operation of existing buildings. 
(Yan et al., 2019) In contrast, there are also various pub-
lications that look at the use of legged robots in the con-
struction industry. In (Afsari et al., 2021) for example, the 
general principles for the use of four-legged robots for 
construction progress control are explored. In addition, in 
(Halder et al., 2021) it has been discovered that the use of 
four-legged robots increases the efficiency, speed, and ac-
curacy in the processes of data collection compared to 
manual execution. Furthermore, (Prieto et al., 2021) de-
veloped an approach of a construction site inspection sys-
tem for the construction execution phase for autonomous 
quality assessment and progress monitoring. The focus of 
data acquisition is on the use of laser scan data. The use 
of laser scan data for reality recording with points clouds 
for scaffold monitoring using a legged robot as a mobile 
base is additionally described in (Kim et al., 2021). Alt-
hough there are already initial approaches that deal with 

the use of legged robots on the construction site, the ap-
proaches are mostly limited to the recording and pro-
cessing of data.  

Robots for damage inspection on bridge structures 

As described in detail in the previous chapter, wheeled 
and legged robots are mainly used to record the construc-
tion progress and for quality control in the field of build-
ing construction. On the other side, UAV systems, climb-
ing robots and special robot systems are mostly used for 
inspecting damages on complex bridge structures. 
Hallermann and Morgenthal present an approach for the 
use of UAVs for the inspection of large concrete bridge 
structures. (Hallermann and Morgenthal, 2014) The 
UAVs are equipped with RGB cameras and can acquire 
image data from different perspectives in a semi-auto-
mated process due to the high degree of freedom of the 
UAV in the air. Another approach for using drones to cap-
ture damage images with an RGB camera during the in-
spection process of concrete bridges is presented by (Seo, 
Duque, Wacker, 2018). The article presented an approach 
to increase the efficiency and degree of automation in the 
inspection processes. Additionally, (Tomiczek et al., 
2019) show the added value of small UAV systems for 
inspection compared to the method with underbridge in-
spection vehicles. In addition to the application of drones 
on concrete bridges, there is also evidence for an efficient 
use of drones in the inspection of timber (Seo, Wacker, 
Duque, 2018). In addition to the prevalent use of drones 
for inspection processes, there are also use cases with 
climbing robots, wheeled robots, and or special systems. 
For example, (Liu and Liu, 2013) and (Zheng and Ding, 
2019) developed different climbing robots for capturing 
damage images by camera when inspecting different 
types of bridge structures. In contrast, (La et al., 2019) and 
(Peel et al., 2018) presented different methods for inspect-
ing bridges using an autonomous wheeled robot. Addi-
tionally, (Bui et al., 2020) explored an approach utilizing 
a hybrid robotic system for damage inspection. 
From the analysis of the literature it can be concluded that 
the field of robotics offers a high potential of automatized 
data collection for various use cases. For a lifecycle-ori-
ented approach, a holistic concept is required that includes 
both the end user as well as data aggregation processes. 

Automated damage detection from image data on 
bridge structures 

While in the past the recorded image data of the damage 
was evaluated in time-consuming processes using human 
resources, nowadays there is the possibility of automatic 
evaluation of damage images using artificial intelligence. 
For example, (Savino and Tondolo, 2021) used a Convo-
lutional Neural Network (CNN) to correctly classify con-
crete damage from recorded damage images for infra-
structure structures. Li et. al. developed a method for the 
detection of four concrete damages (cracks, spalling, ef-
florescence) at the pixel level using a Fully Convolutional 
Network (FCN). (Li et al., 2019) In (Qiao et al., 2021), a 
novel algorithm based on Artificial Neural Networks was 
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developed to detect multiple damages on bridge structures 
from images. In addition, in (Saleem et al., 2021) an ap-
proach for automatic detection of crack damages was ex-
plored. This was done by combining an image capturing 
and geo-tagging approach with a CNN. The presented ap-
proaches can be used for a lifecycle-oriented process 
chain up to the linkage with a digital model using open 
exchange formats, which is not developed yet. An ap-
proach is needed that also uses digital models in an open 
exchange format for an automated damage management. 

Concept of the automated damage manage-
ment approach 

Introduction of the holistic concept 

The concept of automated damage management with mo-
bile robots and a digital model is developed within the 
framework of a lifecycle-oriented approach. The focus is 
on the use of legged robots in combination with digital 
models and image cameras as recording medium. As a 
precondition, only open exchange formats IFC and BCF 
are used along the process chain. Hence, the data ex-
change becomes interoperable and available for project 
participants. The unique characteristic of the concept is 
the extended use of the CDE integrated in an additional 
cloud-based platform and the further linking with addi-
tional relevant data sources (e.g. damage library). This ap-
proach fulfills the requirements of the BIM development 
level 3 according to DIN 19650. Through the use of the 
CDE, all processes in the maintenance management of the 
operating phase run centrally via a platform and the col-
laboration and interoperability along the life cycle man-
agement is strengthened. 

General process of the holistic concept 

The concept is structured in five process stages, which are 
shown in Figure 1 in the context of the technical compo-
nents: (a) provision of the digital building model, (b) prep-
aration of the inspection tour, (c) image acquisition, (d) 
image processing, and (e) damage representation. The ba-
sis of the entire process chain is a cloud computing system 
(CCS). This CCS is based on a CDE with a stored digital 
model, which is linked to a damage library and an AI 
module. The CDE serves as a common project space for 

the maintenance of bridge structures (s. Figure 2). The 

digital model in IFC format as a digital representation of 
the entire bridge structure manages all necessary geomet-
ric and semantic data. There is also a standardized damage 
library linked to the CDE for the central storage and man-
agement of damage images in the operating phase. The 
damage library contains information about standardized 
damage types and further information for different bridge 
types. For the concept in this paper, the damage library 
focuses on the four most relevant damage types of rein-
forced concrete bridges - cracks, spalling, corrosion, 
gravel pockets. The damage library uses the structure of 
infrastructure owners and can be extended by further dam-
age patterns. The damage images consist of both historic 
data as well as records using robotic systems in an auto-
mated planning and execution of the inspection tour. The 
library is set up as a hybrid data store and consists of a 
relational database (SQL-DB) and a non-relational data 
base (NoSQL-DB) with standardized damage categories. 
The SQL-DB stores and manages structured data about 
unified damage types, the NoSQL-DB in contrast stores 
the image data for the respective damage types. For cap-
turing the images of the bridge structure, a legged robot is 
used as a platform in conjunction with an RGB camera 
system for image acquisition.  

 
Figure 1 System Model of the Concept based on a common 

data environment 

The digital model is provided in IFC format and will be 
transferred from the CDE to a Unity simulation environ-
ment for the planning of the inspection tour (s. Figure 2). 
The tour planning is done directly in the 3D environment 
and is then transferred to the robot via a ROS (Robotic 

Figure 2 Process Model of the concept
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Operating System) interface as a JSON file. This repre-
sents the transition from the digital environment to the real 
environment of the concept. In the following step, the leg-
ged robot walks through the planned tour and captures the 
entire structure per image. Each image includes the coor-
dinates of the robot system at the defined points. After-
wards the data is stored in a raw data memory. Subse-
quently, the image files are imported into the AI-system 
for the classification and attribution. After that, the trans-
formation in the damage file into the BCF format takes 
place. In the last step, the BCF damage file is then trans-
mitted to the CDE as an issue and located at the appropri-
ate point in the digital model. The individual process com-
ponents from Figure 2 are specified in the following sub-
sections and described on the basis of the mock-up imple-
mentation. 

Provision of the digital model 

The first process of the concept is the provision of the dig-
ital for the subsequent processes. The digital model of the 
bridge structure serves as the data basis for route planning 
and the subsequent presentation of the damage data in 
BCF format. The digital model acts as an "as-built" model 
and serves as a digital representation for the operational 
phase of the structure. All essential geometric and seman-
tic data are stored in the model. By using a CDE as a cen-
tral project space for data management and provision, all 
relevant data from the upstream lifecycle phases, planning 
and execution, are also available to the infrastructure 
owner in the operating phase in a non-proprietary data for-
mat. Another reason for using the IFC format as opposed 
to a native variant is the use of a uniform industry standard 
and predefined structuring of the model for maintenance 
of bridge structures. This ensures the independence of the 
concept across projects and the integration of every party 
involved in maintenance.  

Preparation of the inspection tour 

The second process step is the preparation of the inspec-
tion tour. Preparation includes planning the walk and the 
mandatory pre-test of the planned walk in a simulated dig-
ital environment. The planning of the tour is based on the 
approaches of previous research results according to 
(Prieto et al., 2021), (Prieto et al., 2020) and (Halder et al., 
2021). The basis of the tour planning and the only input 
to the entire subprocess of the concept is the digital model 
in IFC format. The model provides sufficient information 
about the geometric dimensions of the structure or floor 
and additional semantic attributes for planning the tour. 
The entire tour planning is done in a 3D environment. In 
the first step, the digital model for optimal tour planning 
is integrated into a Unity virtual simulation environment 
in conjunction with a ROS interface to the legged robot. 
In the next sub-step, waypoints are defined manually in 
the digital model. Individual routes are planned for image 
acquisition of the substructure (s. Fig. 3) or the superstruc-
ture (s. Fig. 4) of the bridge. In addition, the tour planning 
can also be used for image acquisition inside the bridge 
structure (e.g. for a box girder bridge). The waypoints are 

defined in such a way that the legged robot can capture 
the complete bridge structure. The defined waypoints 
serve on the one hand as orientation points for the robot 
and at the same time as breakpoints for taking photos of 
the bridge structure. The walkable route is determined di-
rectly in the Unity environment using the integrated 
NavMesh function. (Unity Technologies, 2022); (Halder 
et al., 2021) Subsequently, an optimal route for the legged 
robot is planned on the basis of the defined points. The 
final planning of the optimal route is again done using the 
Nav-Mesh function, according to the results of (Halder et 
al., 2021). After the completion of the route planning, the 
walk-through is performed in a simulation as a pre-test in 
the virtual environment. In this simulation test, it is 
checked once again whether the robot system reaches all 
waypoints and whether the camera system also reaches all 
essential components of the bridge structure. Assuming 
that the test was successful and no gross errors occurred 
in the virtual walk simulation, the planned tour is played 
to the robot unit as a JSON file and the image acquisition 
in the real environment can be started. 

 
Figure 3 3D tour planning for inspection of the bridge  

substructures  

 
Figure 4 3D tour planning for inspection of the  

bridge superstructures 

Image acquisition 

The image acquisition is the third process stage in the con-
cept and is subdivided into the subprocesses of recording 
the damage images during the inspection and data storage. 
A legged robot is used for the acquisition of damage im-
ages. For the recording of these damage images, a RGB-
camera systems is used, inspired by the approach of 
(Prieto et al., 2020). The legged robot follows the planned 
inspection tour of the pre-process, stopping at the defined 
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waypoints and taking images of the structure from differ-
ent perspectives to provide sufficient material for the AI-
system. QR codes attached to the location of the defined 
waypoint are used to orient the robot in the real environ-
ment, according to (Halder et al., 2021). These QR-codes 
are scanned by the robot and transmitting the exact coor-
dinates of the location and can be used for any upcoming 
inspection. The coordinates of the waypoints, imple-
mented in the QR-code allows the robot to capture all de-
fined corridors of the building structure and at the same 
time the photo is assigned a specific position with corre-
sponding coordinates in the model. This facilitates the 
later localization of the detected damages in the digital 
model. For the later classification of the data by the AI-
system, the use of open image file formats, either as raster 
graphics (.jpg, .gif, .png, etc.) or vector graphics (e.g. 
EPS, SVG, PDF, PSD) is necessary. In the concept, the 
image format JPG is used for recording and further post-
processing in the successive stages of the process. The im-
age data obtained forms the basis for the next process step 
of the concept, data processing. 

Image processing 

The next process stage of image processing is divided into 
a total of four subprocesses. The first sub-process is the 
detection of damage and its classification in the previ-
ously acquired images of the entire bridge structure. The 
AI-system analyzes all recorded image data and identifies 
standardized damage patterns on the basis of image recog-
nition. These damage images are then automatically en-
riched with further semantic attributes. For this process, 
the concept of a Convolutional Neural Network (CNN) 
was developed according to the approach of (Özgenel and 
Sorguç, 2018) and implemented in the mock-up. Accord-
ing to (Dörn, 2018), a CNN is the most suitable artificial 
neural network for processing and classifying the image 
files due to the integrated convolutional algorithm. (Dörn, 
2018) The AI-system is integrated as an additional mod-
ule in the CCS and uses the damage library as an addi-
tional knowledge source during classification and attribu-
tion. A supervised learning approach was chosen for the 
preliminary training of the CNN. A combined and pre-
classified dataset with images of unblemished concrete 
walls and images of concrete damage (cracks, spalling, 
holes) served as training data. This dataset consisted of 
images from the approach of (Özgenel and Sorguç, 2018) 
and images acquired by the researchers of concrete dam-
ages. The captured images are imported from the raw da-
tabase in JPG format into the developed CNN and classi-
fied automatically. A result of the classification process is 
shown in Figure 5 using the example of a damage on a 
concrete wall of the bridge structure. The damage in the 
image detected by the AI-system, in this case the damage 
type hole, was detected and highlighted by a red marking 
of the damage area. From this marking, for example, with 
a further development of the CNN, the approximate size 
can be determined in addition to the damage classifica-
tion. In addition to the classification of the damage, a cer-

tain inaccuracy is nevertheless also recognizable in the il-
lustration. The red marking of the damage in Figure 5 does 
not exactly outline the area of the damage, but also smaller 
secondary areas with imperfections where the color is 
merely not perfect. Due to slight deficiencies in auto-
mated damage detection, deviations also result in the cal-
culation of the further parameters of the damage, such as 
the area size of the damage, the consequential costs or the 
resources required for remediation. In order to further im-
prove the accuracy of the AI system, it is necessary to use 
a higher amount of training data. 

 
Figure 5 Classification of the damage images 

After the successful classification, the semantic interpre-
tation is the next step using the AI-system. The previously 
classified damage images are enriched with additional in-
formation on the basis of the damage library. The basis for 
the semantic enrichment is the existing data on standard-
ized attributes of the damage types in the damage library 
embedded in the CCS. Due to the existing link to the dam-
age library the AI-system can automatically identify the 
appropriate attribute assets for the damage image. This 
adds important additional information to the damage im-
age as semantic attribute parameters for further specifica-
tion, which is shown in Figure 5.  

 
Figure 6 Semantic interpretation of the damage 

The Figure shows the parameters defined for the uniform 
attribution and specification of the damage during attrib-
ution by the AI-system. These parameters are the basis for 
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the BCF extension in connection with the later transfor-
mation into the BCF format. Attributes such as cost and 
duration of rework are additionally calculated by the sys-
tem on the basis of the SQL database. In the last step of 
the data processing stage, the damage image file is con-
verted into an issue in the BIM Collaboration Format 
(BCF).  The structure of the issue is based on the XML 
3.0 specification for BCF-format from buildingSMART. 
(buildingSMART International, 2022) The basic structure 
of the BCF is retained and extended by additional param-
eters in the context of damage management. These param-
eters enable a recognized and attributed damage to be 
identified and interpreted uniformly in the BCF format as 
well.  

Damage representation 

After the successful transformation of the damage data, 
the BCF with all information and the inclusive viewpoint 
coordinates is transferred to the CDE, then automatically 
positioned at the correct component location and shared 
with all project stakeholders in the project space  
(s. Figure 7).  

 
Figure 7 Representation of the BCF-Issue 

The figure shows the representation of the BCF-issue as 
damage in the user interface of a CDE implemented in a 
mock-up. The correct localization of the BCF-Issue at the 
corresponding position in the digital model is based on 
coordinates stored in the file and the identified objects. 
The coordination is based on the sensors of the robot in 
combination with the stored program of the inspection, 
which is integrated into the image file as additional infor-
mation during the acquisition. Thus, all identified dam-
ages can be shared with all project participants in the open 
BCF format while at the same time making damage man-
agement more transparent and consistent in the mainte-
nance phase. Since the responsibility for the damage is 
stored directly in the BCF file as information, the respon-
sible company is automatically informed about the new 
damage and requested to plan a removal. The responsible 
person can report the damage removal directly in the 
CDE. During the next inspection, the legged robot can 
then recheck the removal of the released damage. If the 
damage has really been removed in acceptable quality and 

the AI-system no longer detects any damage, the clear-
ance report is confirmed.  

Discussion 
The concept illustrates the basic feasibility of the process 
chain by its implementation in a mock-up. By using leg-
ged robots, digital models and artificial intelligence, the 
process chain from damage assessment and interpretation 
to implantation into the CDE as an BCF-issue can be 
made more efficient and the degree of automation can be 
increased. This can lead to a reduction in the workload of 
skilled personnel in the maintenance phase and a reduc-
tion in the occurrence of damages, while at the same time 
increasing the period of use and resilience of the bridge 
structure. The deployment of open exchange formats and 
a CDE in damage management promotes the openBIM 
idea beyond the planning and execution phase and into the 
maintenance of infrastructure systems. The recording and 
management of damage images by means of BCF-issues 
on a digital model in a CDE becomes more structured, 
consistent and transparent. This makes damage manage-
ment in the maintenance of bridge structures comprehen-
sible for all project participants. Moreover, all project par-
ticipants have access to the data throughout the entire 
lifecycle. The pure use of open exchange formats also in-
creases the interoperability of damage management, elim-
inates existing interface problems and uses existing stand-
ards and defined structures. Furthermore, the use of open 
exchange formats (BCF and IFC) and open source frame-
works (ROS) reinforces the independence of the concept 
and transferability to other building structures (e.g. tun-
nels, dams or buildings) or mobile robotic systems 
(wheeled robots, UAV). Moreover, the concept contrib-
utes to the future achievement of BIM development level 
3 according to DIN 19650 in maintenance management 
for infrastructure systems. (Deutsches Institut für 
Normung e.V., 2019)  
Although the basic functionality of the concept is illus-
trated in this paper, it may also have some limitations. For 
example, the mock-up needs to be prototyped and the 
fully automated process chain has to be validated in fur-
ther research. As a result, there is the possibility of hurdles 
arising in the interfaces between the individual applica-
tion systems. These interface problems can be uncovered 
and eliminated in future prototyping so that the process 
chain can ensure interoperability. The mock-up has fur-
ther limitations in the classification of damage patterns. 
The CNN in the mock-up has so far only been trained to 
identify only one type of damage. Learning additional 
damage patterns is possible, but requires a large amount 
of training data. This is because a high classification rate 
in the output can only be achieved by a training data set 
with many precise damage images. There are other limi-
tations to path planning with a legged robot. For example, 
although legged robots can record, process and execute 
the route planning in JSON format, there are limitations 
to the orientation of the robot system in free space during 
the course of route walking without the inclusion of fur-
ther GPS data. 
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Future research activities shall prototype and validate the 
individual technical components in all stages of the pro-
cess chain. Furthermore, the interfaces between the indi-
vidual process stages and technical components should be 
investigated and tested to ensure an interoperable data 
flow. Furthermore, the extensibility of the concept will be 
investigated in further research. Therefore, the concept 
will be tested on other structures of transport infrastruc-
ture, e.g. tunnels, dams, locks, weirs, etc. Additionally, 
the concept can also be used for measurements on or in 
the structure with sensor systems instead of recording 
damage images. In addition, there is the possibility of us-
ing laser scanning systems as a recording medium. An-
other extension being tested is the use of other types of 
mobile robotics, e.g. wheeled robots or drones, as a mov-
ing platform for the recording process or the use of several 
types of robots as autonomous swarm intelligence for sim-
ultaneous inspections from the air and the ground. 

Conclusion 
This paper presents a concept for automated damage man-
agement using legged robots and digital models in the 
context of a lifecycle-oriented single source of truth ap-
proach to bridge structure maintenance. Using a process 
model, the holistic approach and its single components of 
the concept are presented. 
The individual components are described in detail in the 
technical article and implemented in a mock-up for better 
comprehensibility. Subsequently, the concept approach 
was discussed, limitations were highlighted and future re-
search activities identified. 
The concept serves to advance the damage management 
by linking innovative technologies and digital methods in 
the maintenance phase of existing bridge structures. Fur-
thermore, the automated process chain optimizes the re-
cording, detection and management of damages in the 
maintenance phase of bridge structures and makes them 
more transparent. 
Further research activities and the prototyping and valida-
tion of the concept in the near future will increase process 
efficiency and the degree of automation in damage man-
agement as well as the cooperation of all project partici-
pants in maintenance. 
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Abstract 
Digital Twins (DTs) and process digitalization are 
promising to bridge the gap towards Product Lifecycle 
Management (PLM) in construction industry. In a PLM 
view, DTs should born in the early design as virtual 
Prototypes (DTPs) useful as the basis for future DT 
Instances (DTIs) to manage the whole lifecycle. DTPs 
could help to overcome a discrete project performances 
view and enable an holistic one, exploitable for bids 
evaluation besides performance and sustainability 
optimization. The research adopts a PLM view to define 
a methodology aimed at developing a DTPs System which 
could lead a disruptive change in tenders evaluation, 
enhancing Green Public Procurement adoption. 

Introduction 
Despite Architectural, Engineering, Construction and 
Operation (AECO) industry is one of the largest in the 
world, in the last twenty years suffered from a decrease in 
productivity and still performs bad. Such limited 
performances may be ascribable to the intrinsic 
complexity of construction projects as well as a huge 
fragmentation and strong risk aversion which discouraged 
new technologies uptake (Mc Kinsey, 2017). Although 
Building Information Modelling (BIM) is boosting 
collaborative approaches through Industry Foundation 
Classes (IFC) over cloud platforms (Afsari et al., 2017), 
its large-scale impact on the processes is still far. The 
main reason lie in the representation limits pointed out by 
IFC standard, with relevant information losses and lack of 
process data (Oraee et al., 2017). Other crucial factors to 
be considered are the diffused competitive rather than 
collaborative approach and the struggling information and 
process management due to the lack of actual 
interoperability (Afsari et al., 2017). In current BIM-
based approaches, process and data models remain 
separated and parallel entities throughout the whole 
lifecycle, without updates as the project state changes and 
no recorded data change history. Recently, the digital 
transition of process management was identified as the 
solution to overcome existent gaps and to provide a 
significant breakthrough (Mc Kinsey, 2017). 
Nevertheless, the potential of digitalization is hard to 
realize without linking processes and data models, thus it 
could be useful a well-known approach adopted in other 
engineering fields, namely PLM (Gilz, 2014). It enables 
to manage complex processes characterized by an 

important amount of data and strong variability, 
supporting a systematic and multidisciplinary 
performance view along the whole lifecycle. Some studies 
identified a key role to BIM for bridging the gap towards 
PLM, but it was introduced mostly to enable 
collaboration, improve efficiency, lower omissions and 
errors during the design and construction phases. Thus 
there is an intrinsic difficulty in feeding models with 
always-updated needed information through the lifecycle. 
Moreover, due to the aforementioned interoperability and 
information transactions issues, the synchronization of 
data updating still remains a human task. Major limits 
consist in missing or uncontextualized process 
management information, in addition to the static nature 
of data stored in BIM models and the lack of a 
simultaneous and bidirectional relationship with the real 
world. Consequently, BIM by itself cannot effectively 
boost productivity throughout the whole lifecycle and 
many studies suggested its integration in the more 
complex perspective of PLM (Aram and Eastman, 2013.; 
Corneli et al., 2021). Processes should be normalized and 
stored together with data, enabling information 
contextualization and data and process models linking. 
Concurrently, another emerging technology is promising 
to revolutionize Information Management (IM) and 
decision-making processes, namely DTs. The dynamic 
and interlinked nature of DTs could be the solution for the 
management of complex and variable systems such as 
those concerning building lifecycle. In particular, in the 
aim of filling the gap towards PLM and enhancing 
sustainability by promoting the adoption of Green Public 
Procurement (ISO 24000:2017) as required by EU 
directives and Italian Legislative Decree (L.D.) 50/2016. 
Tender evaluation phase is often under-valuated 
compared to the rest of lifecycle even though it still is poor 
digitalized and could have relevant impacts in the long-
term (EU Commission, 2017). A unique definition of DT 
in AECO industry has not yet been formulated, but it 
should not be forgotten that its first formalization was in 
the field of PLM (Grieves and Vickers, 2016). By 
adopting Grieves perspective, the DTs could be developed 
starting from the early design phase as DT Prototypes 
(DTP), in the dual aim of optimizing project performance 
and to structure the basis for the future DT Instances 
(DTIs) for the subsequent lifecycle. As the major part of 
buildings is foreseen to have a virtual twin with added 
value due the easily information and process management 
through the lifecycle (Dornier R. et al., 2021), it is 
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advisable to develop the DT since the early design phase, 
optimizing the use of resources, production time and 
costs. In the aim of encouraging GPP adoption through 
the Most Economically Advantageous Tenders (MEAT) 
an innovative approach which integrates DTPs and 
process normalization through an open-source distributed 
platform based on Web of Linked Data (WoLD) 
principles is proposed. In this perspective, the 
semantically enriched digital representation of BIM 
models can be the suitable starting point to setup valuable 
DTs from the early design phase. Exploiting bidding IFC 
models to develop DTPs through the WoLD platform, 
could enable to extend actual approaches to a PLM 
perspective. During tendering phase, DTPs could be 
aggregate in a DTP System (DTPS) and exploited in a 
virtual ecosystem to evaluate different design proposals 
(Dornier R. et al., 2021) aiming at identifying the optimal 
option in a more sustainable lifecycle perspective. 
Therefore, DTPs are meant as “reusable” prototypes, 
useful to be enriched throughout other phases of the 
lifecycle with real-time input and data provided by 
sensors networks. Consequently, actual DTIs could be 
defined to manage the operational and maintenance 
(O&M) phase in a more sustainable and resilient 
perspective. The aforementioned DTPs enrichment, could 
be facilitated through the open-source collaborative 
platform exploiting Semantic Web (SW) and Linked Data 
(LD) principles with easily accessible information 
concerning the whole lifecycle. Thus, the paper presents 
a methodology aimed at the vertical implementation of 
DTPs and their horizontal integration in a DTP System 
(DTPS) for the automated criteria evaluation in a MEAT 
tender. A GPP approach is promoted and due to the lack 
of automated and user-friendly tools enabling 
sustainability criteria evaluation during the design and 
tendering phase, the developed methodology will be 
tested starting from such criteria evaluation. In particular, 
by the mandatory but yet not fully applied Minimum 
Environmental Criteria evaluation, namely CAM, 
(Lavagna et al, 2019) in the Design Build (DB) 
procurement context for the construction of a new school 
and a brownfield renovation in northern Italy, selected as 
case studies (Pellegrini et al. 2021). Assessed in 
comparison with previous developed approaches, the 
methodology could be extended to further criteria, until 
covering the complete bids evaluation and providing the 
full digitalization of tendering procedures.  
Background and motivation 
Towards an open-source, distributed, collaborative 
process-based framework 
The research is conducted under the umbrella of an Italian  
Research of National Interest Project (PRIN) which 
promotes the digital transition of project management 
aiming at overcoming the afore illustrated limitations 
posed by current BIM-based collaborative approaches 
(MIUR, 2017). The goal is to overcome the current 
separation between data and process models throughout 
the whole lifecycle by integrating them in a collaborative 
process-based framework (Figure 1). Data and procedures 

will be jointly stored by means of typed links with a 
customized semantic. World Wide Web will be exploited 
as a support base through the emerging Blockchain and 
WoLD technologies (Törmä, 2015).  

In particular, the framework will exploit: 
• SW to translate BIM models in graph format 

(i.e. RDF) through tailored ontologies; 
• LD to enrich BIM models with missing data by 

interlinking them from different domains 
through customized typed links; 

• Business Process Modelling Notation (BPMN 
2.0) to define and formalize data generating 
processes in a machine-readable way, enabling 
external actions (i.e. from humans or micro 
services) to be called (Von Rosing et al., 2015). 

• Blockchain at the top level aimed at the 
decentralized notarization of transactions and 
documents liability tracking (Li et al., 2019).  

Accordingly, the major outcome of the PRIN project 
consists in an open-source, distributed, collaborative 
platform to enhance cooperation in an easy-to-use digital 
environment. The key potential lies in a strongly 
interconnected informative database, which represents the 
suitable starting point for developing valuable DTs 
through the building lifecycle. In Particular, BPMN will 
provide process models in a machine-readable format 
which enables the seamlessly integration between data 
and their generating processes through the lifecycle, in 
addition to tasks automation (Von Rosing et al., 2015). 
LD and SW combined with IFC provide a highly scalable 
and customizable approach for the DTs definition. As a 
result, IFC models are translated in graph format and 
missing parameters to generate DTPs could be linked 
through tailored typed links. These DTPs can be initially 
fed by bidders input and then can be incrementally 
enriched as the lifecycle of the building progresses. The 
involved research units should develop several Proof-of-
Concept (PoC) use cases, covering all the development 
phases of a building lifecycle (i.e. pre-design, design, 
construction, operation, maintenance and disposal phases) 
to demonstrate the easy collaboration and information 
exchange by sharing on-demand granular information. 
The present research deals with the PoC use case for the 
design and compliance-checking, aimed to exhibit how 
checking procedures could be developed and automated 
throughout the open collaborative platform and how to 

Figure 1- Open source, distributed, collaborative, process-
based framework (i.e. WoLD platform)  
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formalize links between design data, processes and 
system performances, depending on the evaluated 
criterion. This is key to maintain Information 
Requirements (IRs) consistency through the design phase 
and the whole lifecycle, avoiding shifting away from the 
original intent, especially in the evaluation of technical 
offers in competitive biddings. 

Digital Twins and PLM 
The first formal definition of a DT was provided by 
NASA, but the first general concept was given by 
(Grieves and Vickers, 2016) in PLM  and included the 
fundamental elements of a twin model: the real part, the 
digital part and the information links between them 
(Brilakis et al., 2019). Grieves defined three types of DTs 
with a growing level of maturity, conceiving them as a 
dynamic model that changes over the lifecycle. At the 
early stage, the DTP emerges virtually, taking physical 
form during the production phase and going along with 
the operational phase as DTI, until its disposal. It is 
remarkable that at the early ideation stage, the physical 
system does not exist yet; rather, it takes place in a virtual 
space as a DTP, identifiable with the digital space of 
information models. In manufacturing, before the advent 
of computer design, the system had to be costly 
implemented in a physical prototype as it was just a 
thought with very limited understanding of both form and 
behaviour. Now, very complex shape and system can be 
quickly modelled and the same occurs in AECO industry. 
The DTP could be exploited to predict future behaviour 
and performance of the product (i.e. building) in order to 
check when it meets the proposed requirements and 
represents the optimal solution (Dornier R. et al., 2021). 
DTs are gaining attention also in the AECO industry, due 
to the constant increase of data to be managed throughout 
the building lifecycle, caused both by the increasing 
complexity of construction projects and by the 
widespread integration of digital tools. Nonetheless, there 
is no commonly agreed definition of a DT in AECO 
industry so far, but almost all the attempts to provide it 
include the three key features aforementioned (Jiang et al., 
2021; Brilakis et al., 2019). Many studies agree that there 
is not and might never be a universal definition of DT, its 
meaning depends on the purpose for which it is 
developed. In fact, the value given from DTs lies in the 
ability to obtain the right information at the right moment. 
It should not be a mere replica of every part of the 
building; rather it should be tailor-made based on its scope 
of replicating some behaviour of the physical asset. On 
the contrary, its bidirectional link with the virtual world is 
fundamental as it enables simultaneous data updating as 
soon as a change occurs. Some studies already made a 
parallelism with the DT types defined by Grieves, in 
particular (Alonso et al., 2019) transposed the DTP 
definition to AECO industry and defined the Building 
DTP as: "A Building Digital Twin describing the AECOO 
asset during its design and construction. It contains the 
informational sets necessary to describe and produce a 
physical version that duplicates or twins the virtual 
version." Adopting this definition, during the design and 
tendering phase, a Building DTP should be exploited in a 

virtual world evaluating different design proposals in the 
aim of identifying the optimal version (i.e. the most 
advantageous bid). This could be disruptive, since until 
now no prototype of the building with a holistic view of 
its performances was available; rather it was a siloed set 
of discrete project performances, evaluated through 
document-based approaches which prevented to estimate 
the impact that a change in input could have on the single 
and overall project performance. Until now, the 
comparison concerned just single project parameters 
disjointed from their impact on installation and 
maintenance costs and resources consumption. A well-
structured DTP can provide a complete and valuable 
prototype, allowing to simulate multiple scenarios and 
visualize the holistic response to changeable input. This 
enables to evaluate the designed performances and choose 
the most sustainable solution also with respect to the 
expected savings. Nevertheless, although (Grieves and 
Vickers, 2016 and Alonso et al. 2019) agree that the DTP 
“…has to contain all the informational sets necessary to 
the future actual physical twin (DTI)..”, the DTP structure 
and IRs related to the several performances to be 
evaluated is still undefined. (Jones D. et al., 2020) 
highlight that few researches investigated the DT across 
the entire lifecycle, pointing out several gaps especially 
concerning the early design and disposal phases. This 
suggests both that the actual benefit might have been 
missed and the DT requirements across the lifecycle 
should be investigated. This gap must be bridged in order 
to provide valuable DT application through a PLM 
perspective, in addition to useful information protocols 
and standards for DTP development. Thus, an IM 
approach is strongly recommended, as suggested by the 
IM Framework defined in the pioneering case of the 
National DT Britain (Hetherington and West, 2020).   

Low digitalization and GPP adoption  
Public procurement represents the 14% of the European 
Gross Domestic Product and is regulated by EU directives 
to maximise value in the public sector and ensure 
compliance with three key principles: equal treatment, 
non-discrimination and transparency (EU Commission, 
2019). In 2017, EU promoted a common public 
procurement strategy defined in 6 measures (EU 
Commission, 2017) to improve procurement sector in a 
collaborative way between public authorities and 
stakeholders, among them the enhancing of digitalization 
to empower decision-making through data-driven 
processes. Despite this key role of digitalization within 
new EU directives (2014/24/EU Directive), public 
procurement processes are still highly fragmented and 
inefficient. One of the major issues concern the long 
“processing times”, mainly due to the lack of a full 
digitalization as well as of automated procedures (EU 
Commission, 2017). Therefore, EU established some 
primary objectives including the integration of digital and 
data-based approaches throughout all the phases of public 
procurement. This could deliver full-digitalized processes 
and yield significant savings in terms of time and costs 
besides improving transparency and reducing disputes. In 
fact, improving efficiency in public procurement even of 
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1% could save 20 billion euros per year (EU Commission, 
2017). The performance of single markets in EU state 
members was measured to understand their efficiency in 
public procurement (EU Commission, 2019). The 
findings pointed out that Italy performed poor with just 
two satisfactory indicators among the 12 selected, the 
"Decision Speed" was among the six not satisfied while 
other four were poorly satisfied. As (Agenzia per la 
coesione territoriale, 2018) highlights, the average 
starting time of a public procurement is of 4 years and 5 
months and the tendering phase averagely lasts between 5 
and 20 months. The aforementioned long “processing 
times” represent the time between the end of one phase 
and the start of the subsequent one, they are mainly due to 
bureaucratic delays (EU Commission 2017 & 2019). This 
issue is particularly severe in Italy, due both to the huge 
presence of Small and Medium Enterprises in the 
construction market and to the wide adoption of still 
document-based approaches. Concurrently, GPP, which 
integrates requirements and criteria in order to achieve 
value for money in the whole lifecycle of a project, is 
promoted both at international and European level to 
reach more sustainable practices. The 2014/24/EU 
Directive emphasizes the key role of public procurement 
in realizing a smart, sustainable, and inclusive growth. 
Italy was pioneering with the L.D. 50/2016 which 
represented an innovation in national procurement 
regulations, introducing GPP as mandatory in public 
tenders through the MEAT approach. The objective is to 
identify the most convenient bid by crossing quality and 
price, based on the lifecycle performance of a project. 
Nevertheless, GPP was poorly adopted, mostly due to the 
lack of staff training and GPP competences which 
generate issues in drafting sustainability criteria in tender 
documents. A worsen factor is the lack of digital and 
automated tools which prevent Public Clients to 
completely control project impacts in terms of both 
performance and sustainability. Furthermore, although 
L.D. 50/2016 currently requires use of BIM for all 
amounts starting from 2025, project deliveries are still 
document-based and checking the whole bids 
documentation is struggling. Thus, digital and automated 
methods would be indispensable to enable easily project 
performance control and visualization both at the level of 
single and global performance, promptly displaying the 
impact that some design choices might produce. 
Therefore, taking advantage of a system of DTPs which 
receives offers in real-time through a web-based platform 
and allows their timely evaluation and visualization at 
once is fundamental albeit very complex. Administrators, 
judging commission and all the involved parties could be 
aware of their choices and related sustainability impact. 

Methodology 
The research aims to leverage an open-source distributed 
digital framework to develop a useful DTPS for building 
performance evaluation in a PLM perspective, oriented to 
the future lifecycle management and GPP enhancement. 
Thus, an innovative approach, which integrates data and 
process models by means of BPMN and DTPs through a 

WoLD platform, is illustrated. An axiom of the present 
research is that the developed prototype must not be of the 
“disposable” type and intended just for the tender phase, 
rather it must be scalable and reusable in order to enable 
aware and optimized decisions concerning sustainability 
(e.g. costs, use of resources, compliance with 
environmental protocols, etc.) during the whole lifecycle. 
Therefore, it must be framed as Grieves did in PLM and 
as other studies affirmed (Alonso et al., 2019). The step 
forward that this research aims to provide is a DTP 
development methodology and detailed informative 
structure that could be exploitable both as a mean for 
tender evaluation and as the basis to develop future DTI. 
Thus, the DTP born in the tender phase as a tool 
exploitable in a MEAT procedure to automatically 
evaluate the bids uploaded through a web-based platform, 
enabling to identify the optimal solution in an objective 
way. In this phase, the DTPS takes the static project 
parameters as input, extrapolated by a tailored IFC 
bidding scheme exploitable to develop needed DTPs for 
the automated bids evaluation and scores assignment. 
After the tender awarding, the DTPS corresponding to the 
winning project, that is the bid with the best value for 
money, will form the basis for the DTIS useful in the 
O&M and disposal phases. It will be able to take as input 
both static and dynamic data from on field sensor 
networks (i.e. in the building or construction site) 
updating the database whenever there is a change and 
vice-versa. The DTIS should simultaneously receive 
instructions to adjust building behaviour when a deviation 
from expectations occurs, that is the actual DT which 
establishes a bidirectional communication with its virtual 
counterpart. The research aims to further promote the 
adoption of GPP in a MEAT approach and due to the 
current growing interest in sustainability criteria 
compliance and to the lack of automated, user-friendly 
tools to evaluate them (Grilo and Jardim-Goncalves, 
2011) the developed methodology will be tested starting 
from such criteria evaluation. At first, it was not feasible 
to develop the whole DTPS enabling to simulate all the 
project performances, rather it will start from few 
evaluation criteria and then the method will be extended 
to cover the whole project evaluation. A bottom-up 
approach is adopted, starting from CAM as Public Clients 
are facing scarce skills and difficulties to define them in 
drafting for tenders besides difficulties in checking 
projects compliance (Lavagna et al., 2019). Once the 
methodology will be assessed on selected case studies, it 
could be repeated for other criteria involved in the 
evaluation of a building project (i.e fire safety, 
accessibility, structural behavior, etc.). In particular, the 
research aims to exploit a previous work which defined a 
replicable IM Modelling (IMM) approach to integrate and 
evaluate CAM criteria from the design to the call for 
tenders phase (Pellegrini et al. 2021). It dealt with 
Construction and Demolition Waste (CDW) minimization 
and selective demolition criteria and was tested on two 
DB Italian procurements, that is a brownfield renovation 
and a green field of a new school. The aim is to extend the 
previous work in a more holistic approach by adding 
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further CAM criteria evaluation such as building envelop 
performance in addition to lifecycle costs. Exploiting the 
previous case studies it intends to demonstrate how a 
tailormade DTPS could enable sustainability criteria 
automated evaluation through an holistic digitalized 
approach and provide both the increasing of GPP adoption 
and digitalization enhancement in tendering processes. 
Hence, the research deals with the definition of a 
replicable information methodology aimed at the vertical 
implementation of DTPs and their horizontal integration 
in a DTPS. For each criterion involved in the evaluation, 
a Vertical DTP (VDTP) will be developed, enabling the 
analysis of the single side performance (Figure 2). Then 
all the VDTPs related to an offer will be horizontally 
integrated in a DTPS (Figure 3) useful to evaluate the 
single bid global performance and also the impact on the 
overall. The focus is not just the development of the 
DTPs, nonetheless the attention is focused on the 
development of the set of processes and information 
concerning the creation and management of tailored 
DTPs, as it still lacks a defined information structure with 
related IRs. The defined approach could provide a change 
of paradigm, allowing conducting the tender procedure 
based on an IFC model defined by the Appointing Party 
to be filled by bidders. In particular, tender participants 
will be provided with an IFC scheme and related 
guidelines in order to formulate their offers (i.e. IRs 
needed for each VDTPs and corresponding IFC 
parameters or required formats). Once tender procedure 
will be open, bidders' IFC models will be uploaded on the 
web platform together with all needed documents and 
translated in graph format. All the parameters useful for 
the evaluation will be linked to them by means of rule-sets 
and tailored queries to extrapolate needed VDTPs. 
Outline information useful for simulations such as 
timetables, weather files, boundary conditions and so on, 
will be defined by the Appointing party and stored in the 
graph database, as well as be provided to the bidders. 
Contemporarily, the defined methodology enables to start 
the development of DTs and to manage information since 
the early design phase. Moreover, the use of resources, 
time and costs to produce the DT is optimized, this is 
valuable as the future is foreseen a high percentage of DTs 
adding value as enabling an optimal building management 
lifecycle up to its disposal (Dornier et al., 2021). This will 
result in improved collaboration among parties starting 
from the early phase and enhanced transparency. The 
objective and trustworthy evaluation of sustainability 
criteria compliance based on the actual use of the building 
rather than on rough saving assessments could be ensured 
through well-defined and machine-readable criteria. 
There could be other advantages but also some challenges 
discussed in the “Expected results” section. The main 
result will be a well-defined, structured and automated 
evaluation methodology for MEAT tender evaluation 
with digital bids evaluated as soon as submitted, assessed 
in comparison with traditional approaches.  

Tender processes normalization 
The first step will concern the formalization of all the 
processes and sub processes relating to the evaluation of 

the offers, namely: (i) global tender procedure, (ii) bid 
evaluation method and (iii) evaluation of single 
performances considered. As stated before, BPMN 2.0 
notation will be exploited since it  provides an intuitive 
graphical notation yet capable of representing complex 
semantics and providing machine-readable processes (i.e. 
xml format) that could call external interventions from 
both micro services and humans. The BPMN 
formalization enables to identify which tasks could be 
automated, which information is needed at a specific step 
of the process and by the related actor, facilitating 
automatable tasks identification per each process and the 
IRs for each VDTP needed. Consequently it is possible to 

check which of them could be directly filled in the IFC 
bidding  schema and which one should be linked through 
existing or new tailored ontologies. In particular, VDTPs 
will be linked to procedural information ensuring 
consistency with respect to the IRs and providing the 
automation of some tasks for evaluating project 
performances. Finally, the BPMN formalization allows 
defining the needed outputs for single criteria and sub-
criteria evaluation, along with the definition of queries 
and rules to extrapolate needed VDTP. 

Vertical Digital Twins Prototypes development  
In this second step, VDTPs (Figure 2) will be developed 
from the IFC models submitted by the participants and 
stored in graph format through the WoLD platform. 
Thanks to the BPMN formalization previously made, the 
IRs for each VDTP needed in the global evaluation could 
be defined and the graph models could be enriched 
accordingly. A key step is the definition of the queries to 
generate needed simulation models  from the knowledge 
database. Ideally, for each bid it should be developed as 
many VDTPs as the number of tender evaluation criteria, 
starting from each bidding IFC model based on the given 
scheme and stored in graph format through the WoLD 
platform. The main outcome consists in a series of 
isolated VDTPs enabling single performance evaluation. 
At this step, it will be defined: (i) the queries to 
extrapolate each specific VDTPs from the platform and 
(ii) the KPIs (Key Performance Indicators) for each 
VDTP useful for evaluations and decision-making 
processes both during the tender phase and throughout the 
lifecycle (i.e. energy consumption, maintenance and 
replacement costs, EWC codes etc.). Monitoring these 

Figure 2: Vertical Digital Twins Prototypes development 
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KPIs, deviations from expected targets enables to 
promptly identify and correct them. It may seem an 
onerous step, but once the needed VDTPs are defined 
together with the related IRs and extrapolation query, it is 
sufficient to reiterate the process for each bid and it could 
be automated by integrating a machine learning system. 

Digital Twin Prototypes System implementation 
Once the VDTPs are defined, they will be horizontally 
integrated to set-up the holistic evaluation of each bid’s 
project performances (Figure 3). This step will involve the 
formalization of the interconnection process which will 
set-up the DTPS, enabling the definition of the links 
between each VDTP and their semantic formalization 
through the sensitivity analysis conducted by an Artificial 
Intelligence (AI) system. A major outcome will be the 
simultaneous visualization of both global and single bids 
scores by means of tailored dashboards implemented 
through the WoLD platform. Thus the user can be aware 
of the impact that a change in input has on the project 
performances, both at global and local level, in addition 
to costs and sustainability. A major outcome at this step 
will be the definition of the queries which enables to 
implement the DTPS needed for the global bid evaluation 
(i.e. one DTPS for each bid or tender project), based on 
defined IRs. 

Figure 3: DTPS implementation and AI system integration  

AI system integration and global tender evaluation 
Another key step will concern the implementation  of the 
most suitable AI system to provide the sensitivity analysis 
of the IRs both of the single VDTP and of the overall 
system (i.e. DTPS and tender evaluation). This in order to 
deep understand how a change in input impact on the 
single VDTP and on the overall, revealing hidden and 
direct links between various project’s domains and 
enabling their formalization. As real cases are simulated, 
the AI system can be trained providing an ever greater 
knowledge of such links between the involved parameters 
in the tender evaluation. This enable to define and 
optimize a multicriteria scores aggregation system 
considering also the impact that a parameter change has 
both on the single performance and on the global one, in 
addition to that on sustainability and costs in a PLM 
perspective. In fact, it is not certain that significantly 
increasing a single parameter performance has positive 
repercussions also on costs or global performance. It 

could lead to greatly increased installation and 
maintenance costs compared to slight savings. Thus the 
proposed awarding system could enable a more objective, 
effective and aware bids evaluation. The Appointing Party 
can exploit the awarded DTPS to easily visualize the 
impact that some design choices have on defined KPIs 
and project performances, enabling more conscious and 
effective sustainable choices. In particular,  it provides a 
holistic view for bids project evaluation, enabling to 
quickly and automatically check whether the tender IRs 
were actually met or not, avoiding to shift away from the 
original intent. 

Methodology test and assessment 
The final step will concern the DTPS implementation 
through the WoLD platform. Several tests will be 
conducted on the selected cases study to check whether it 
works or not, identifying critical issues to be overtaken 
and providing a first evaluation of the research project 
effectiveness. The main outcome will be an automated 
method for tender sustainability criteria evaluation, which 
will be assessed in comparison with a traditional approach 
based on defined KPIs. In particular, the bids received in 
the aforementioned real DB procedures for a new primary 
school and a brownfield renovation in northern Italy, 
based on a definitive project and evaluated through 
MEAT approach, will be taken as reference to compare 
the results. This will allow the optimization of tender IRs 
and projects performance, providing the final definition of 
data standards and protocols to support IRs definition and 
information exchanges between parties. In addition, 
standardized digital models to submit the biddings will be 
defined as well as the main features and IMM criteria to 
develop valuable DTPs from the early phase. 

Expected results and outcomes  
The presented methodology aims to enhance tender 
evaluation in a GPP perspective through its full 
digitalization and automation. Leveraging DTPs and 
BPMN notation, it aims to automatize bids compliance 
checking processes and project's performance evaluation, 
in addition to bids scores attribution.  
The methodology is still at a theoretical level, so the 
results are discussed as expected outcomes to be 
confirmed during the test and validation phase on real 
cases study. The overall worth mainly lies in the full 
digitalization, transparency and shortening of the 
tendering phase. The disruptive aspect concerns the 
leveraging of an innovative approach which aims to set-
up a DTPS through an open-source, distributed digital 
framework and to automatize sustainability criteria 
evaluation during tender procurement. This provides the 
formalization of the existent direct and hidden links 
between project performances and thus supports more 
aware and effective design choices starting from the early 
design phase. Accordingly, it will be possible to visualize 
and promptly understand how the modification of an input 
might affect both on the DTPs involved and on the global 
performance by means of a sensitive analysis conducted 
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through an AI system. As the DTPS is used it could be 
defined a hierarchy among the award criteria and the 
defined KPIs based on how much they impact on project 
performance, costs and sustainability, optimizing both the 
IRs and the MEAT evaluation method. This will lead to 
the definition of trustworthy standards, information and 
process management protocols for the tendering phase. 
Particularly concerning the definition of valuable building 
DTPs in a PLM perspective, suitable as the basis for 
actual DTIs useful to constantly monitor the identified 
KPIs throughout the building lifecycle. This could 
provide actual GPP by pursuing the highest possible 
degree of sustainability in terms of performance, use of 
resources and lifecycle costs. A twisting to the current 
evaluation system in public procurement could be 
provided given that currently it is not possible to dispose 
of simulation models to evaluate bids. Table 1 shows the 
differences between the main features of current 
evaluation approach and the proposed one.  

Table 1 - Comparison between the main features of current 
tender evaluation approach and the proposed DTPS   

Until now the commissions of experts was central and 
judged bids on the basis of their own professional 
experiences, that is a subjective way. The proposed 
method foresees a marginal role of the commissioners 
with consequent objectiveness improvement and cost 
reduction. The bids evaluation will be entrusted to a 
powerful digital simulation tool (i.e. the DTPS). Based on 
the formalization and digitalization of the processes 
involved in the MEAT assessment, the DTPS will provide 
greater objectivity and transparency. In addition, the 
Appointing Party changes its role as becomes an active 
part of the evaluation process, receiving no more random 
documents from bidders and performances are no more 
evaluated with a not homogeneous, isolated and 
fragmented method. Rather, they will be evaluated as 
soon as the bidders upload their offers on the web-based 
platform. Consequently, offers can be simultaneously 
evaluated with respect to their uploading and tender 
assignment time can be drastically reduced, switching 
from average times ranging from 5 to 20 months (Table 
1) to few days. Furthermore, the judging board will have 

just a notarial role, contrary to current approach strongly 
based on their personal experience and belief. Thus, by 
means of an automated digital method, based on the 
evidence provided by performance simulation through the 
DTPS holistic view, a more objective awarding could be 
provided and the most sustainable solution could be easier 
identified. Finally,  the developed DTPS and the 
collaboration between parties can enable to exploit the 
awarded project to furtherly maximize the potential 
sustainability and minimize both maintenance and 
construction costs before developing the DTIS 
exploitable during the rest of lifecycle. 

Conclusions and further development 
The paper tackled the development of a replicable 
methodology to extend current BIM-based approaches in 
a PLM perspective and boost the on-going digital 
transition, overcoming existing limits. It aims to transpose 
Grieves DTP conception in the field of PLM to the AECO 
industry, with the main objectives to fully digitalize and 
shorten tender procedures in a GPP perspective. In this 
view, the development of DTs could start in the early-
design phase, providing a building prototype which 
enables its performances optimization in a holistic rather 
than a discrete approach. The DTP can be used in tender 
evaluation to choose the optimal bids both with respect to 
the client’s requests and regulations and to the overall 
sustainability of the project. An axiom is that it must not 
be a "disposable" prototype; rather, it must be structured 
to be enriched with dynamic data throughout the whole 
building lifecycle. Therefore, an IM approach is necessary 
to define the IRs for each VDTP related to the several 
project’s domains, providing all the useful information to 
develop the actual DTIs for the O&M phase, up to 
decommissioning. These objectives could be achievable 
exploiting a WoLD platform based on a collaborative, 
distributed, open-source database suitable to develop 
effective DTs, as it contains all project data with their 
generating processes and change history. Such platform is 
based on the principles of SW and LD, providing highly 
scalable and enrichable VDTPs, starting from the bidding 
IFC models of tender participants. Moreover, it enables to 
extrapolate and link together several correlated VDTPs, 
resulting in a DTPS which enables the holistic evaluation 
of performances. Specific KPIs to evaluate biddings and 
building performances throughout the lifecycle, will be 
displayable. Along with the proposed advantages, there 
are many challenges. Among them the definition of IRs 
and new ontologies for each VDTP needed, due to the 
numerous and complex domains integrated in a 
construction project. Consequently, a scalable approach is 
adopted and the research will be tested on real DB Italian 
procurements previously exploited to integrate MEAT 
and IMM to promote sustainable strategies adoption 
focused on waste reduction and resource valorization. The 
aim is to extend previous work in a more holistic approach 
by adding further CAM criteria and automatizing their 
evaluation in the tendering phase. It will be demonstrated 
how a tailormade DTPS could enable sustainability 
criteria automated evaluation and provide both the 

 Current 
approach 

DTPS perspective 

Evaluator   Judging 
commission  

WoLD platform with 
commission partial actions 

Tools 
Excel sheets 
Professional 
experience 

Digital microservices 
(Software, digital tools..) 

Formats Paper and text 
documents 

Open and machine-
readable (IFC, json, xml..) 

Awarding 
criteria 

weighting 
 

Subjective,  
manually, 
based on 

commissioners 
experience 

Objective, automated 
through an AI system, 

based on single and global 
impacts 

Performance 
evaluation 

Siloed set of 
performances 

Systematic and 
simultaneous 

Tender 
duration 5-20 months Strongly reduced, few 

days 
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increasing of GPP adoption and digitalization 
enhancement in tendering processes. Then, through the 
definition and formalization of the links between other 
project's domains, a complete evaluation system for the 
whole project will be provided. Another challenge 
concerns the transition from the current project-based 
approach to the distributed process-based one with full 
transparency among stakeholders, due to the closeness of 
the sector. In addition, current Italian regulations prevent 
to dispose of a simulation models to evaluate bids. 
Nevertheless, the evaluation on real case studies is meant 
to demonstrate the system validity and enable to propose 
a revolution of the current evaluation method, providing a 
less subjective, more correct and sustainable one. Other 
issues will concern the integration of the best AI system 
to conduct sensitivity analysis and identify direct and 
hidden links between the inputs, so that they could be 
formalized. This allows to understand almost in real-time 
how a change in a VDTP input influence the overall and 
the single performance. It will be considered and 
explicated only the links identified as significant with 
respect to the award criteria and defined KPIs. Tolerance 
thresholds will be established depending on their impact 
heaviness on maintenance and construction costs or 
sustainability criteria. 
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Abstract 

By developing a digital tool for parametric planning based 
on algorithm-aided design and Building Information 
Modeling (Algorithm Aided BIM Tool: AABIM), we aim 
to support the design and evaluation of affordable and 
sustainable housing-specific BIM models. The overall 
aim of the presented research is to create a guideline for 
the design of an AABIM tool and to explore which 
parameters and requirements must be obtained as a basis. 
The explorative determination and cataloguing of 
preliminary housing-specific parameters, and preliminary 
specifications for the design guideline are the objectives 
of this study.  

Introduction 
At the same time as the digital transformation of the 
construction industry, industrial residential construction 
has also been revived due to the increasing demand for 
affordable housing. The potential of digital technologies 
has not yet been sufficiently integrated in the planning, 
construction process or management. The coupling of 
digital processes has the potential not only to accelerate 
the production of housing, but also to minimize costs and 
resources. In a Viennese context a vast number of multi-
storey residential buildings are highly similar, yet every 
residential building is unique, adapted to its individual 
environmental conditions. Planners have to adapt their 
designs to different building sites and project conditions, 
and at the same time plan as efficiently as possible. For 
this purpose, they utilize often-used, tried-and-true 
elements (such as commonly room proportions, exterior 
walls, stairwells, building depth, openings, apartment 
sizes, etc.). Those must, however, be modified and 
reassembled iteratively to meet individual project 
requirements. The result is an extensive and time-
consuming planning effort that often becomes a gauntlet 
between law, design, society, urban planning and site-
specific regulations. In order to make deficits and 
potentials of the built environment comparable and 
assessable, a maximum number of investigations by 
means of variants and evaluations is required, especially 
in the early design stage. One way to support traditional 
planning services to support affordable and sustainable 
housing is to utilize parameter-based or algorithm aided 
modeling. The underlying idea is to generate models and 
variants of building designs by entering and adjusting 
descriptive qualitative or quantitative parameter values 
within an algorithm or script. However, purely parameter 
or algorithm-based design of a building information 

model relies on defined requirement specifications. The 
parameters and values required for algorithm-aided 
design must be defined. With the complexity of 
residential buildings, however, a large number of 
geometric and non-geometric parameters and related 
constraints inevitably arise. By parameters, we define 
non-geometric, technical, legal, normative and economic 
and environmental factors or requirements. The aim is the 
definition of a parameter catalogue and preliminary 
requirement specifications, as basis for the design of a 
semi-automated AABIM tool for the generation and 
evaluation of digital information models. This paper 
presents an extension of the research conducted within the 
funded research project “Housing 4.0” (Kovacic et al., 
2020; Pibal et al., 2020; Pibal et al., 2021) where a digital 
platform for user-participation oriented BIM based 
planning for affordable and sustainable housing is 
developed.  

Research Context 
Within the funded research project “Housing 4.0” 
(Housing 4.0: Digital Platform for affordable housing 
FFG Austrian Research Funding agency, Project number: 
873523), a framework for a digital platform was 
developed, enabling integrated, participatory design and 
construction process and data consistency along the value 
chain for sustainable and affordable housing - serving as 
basis for the presented research.  

 
 

Figure 1: Research Context, Digital Platform Housing 4.0 with 
its Components: Digital Knowledge Base, BIM4D2P Tool and 

the Extension AABIM Tool and Parameter Catalogue 
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The “Housing 4.0” approach (figure 1) is extended by the 
development of an algorithm-aided BIM tool (AABIM). 
Our aim is to develop an algorithm (script) inside a visual 
programming editor, the Grasshopper plug-in for 
Rhinoceros (McNeel) which will be connected to the BIM 
software Archicad (Graphisoft) via a live-connection. 
AABIM tool should enhance modular off-site production 
in multi-story housing, enabling material, cost and time 
savings and thus affordable and sustainable housing 
design. The methodology of BIM-based integrated 
planning is missing in the planning practice and the 
processes for the development of industrialized 
construction production (off-site production, 
prefabrication).  Thus, the overall objective is the 
development of an integrated methodology as well as the 
optimization of BIM-supported planning and construction 
processes by creating common data structures, open 
interfaces and the development of standards for the 
creation of common BIM object libraries for design-
build-operate processes. The innovative contribution of 
the AABIM tool aims at the semi-automated generation 
of BIM models based on spatial, non-geometric, 
technical, legal, economic and environmental parameters. 
 

Literature Review: Parametric Design, 
Algorithm Aided BIM and Housing 
Feist (2016) defines parametric and algorithmic design as 
a design process in which designers create a script that 
creates the model or variants. These design variants 
further on can be examined by modifying the parameter 
values (Ferreira and Leito, 2015; Leito et al., 2012). These 
algorithms can be programmed in text programming 
languages or visual programming languages. Visual 
programming languages enable users to change geometry 
and computations using graphical commands rather than 
text commands (Máder et al., 2018). Parametric modeling 
(Haymaker et al., 2018) includes both Algorithm Aided 
Design and BIM, where parameters can be set within an 
algorithm or within an object. Humppi and Österlund 
(2016) refer to the combination of Algorithm Aided 
Design and BIM as Algorithm Aided BIM. The terms 
“Algorithm Aided BIM” (Humppi and Österlund, 2016), 
"Generative BIM" (Mirtschin, 2011) and "Parametric 
BIM" (Aish, 2013) are interchangeable. Although there is 
no fixed term, we refer to this approach as Algorithm 
Aided BIM in this paper. Algorithms are used to create 
parametric models with embedded metadata that can then 
be used in the design and construction process and for 
assessments. To a considerable extent, BIM and 
parametric modeling still need standardization. The 
integration of algorithms to support BIM in the built 
environment, as investigated by Rausch et al. (2020), 
shows that their performance can be helpful not only in 
complex design processes, but also in accurately 
identifying sources of error. Rausch et al. (2020) also 
emphasize the importance for future research to 
investigate potential applications of computational 
algorithms throughout the building life cycle. 
Furthermore, the study by Deng et al. (2021) explores 

various technologies that can facilitate the evolution of 
BIM into digital twin processes in the construction 
industry. This includes building lifecycle, operations, and 
management. Some studies point out the lack of effective 
links between parametric, generative and digital tools and 
processes and their sharing. (Fernando et al.,2012; Bosch-
Sijtsema et al., 2021) Seamless connectivity can offset the 
fragmentation of the sector and make projects more 
targeted for all key stakeholders (Bosch-Sijtsema et 
al.,2021). In particular, Fernando et al. (2012) cite 
standardization of BIM-based parametric modeling as 
patchy. Dautremon et al. (2019) highlight the relevance of 
developing an effective combination of parametrics in 
BIM processes to determine building reuse assessment in 
more detail. A software solution proposed by Ferreira and 
Leitao (2015) shows an innovative combination of 
specific BIM tools and generative design programming 
environments. This should allow, through a user-friendly 
programming environment, to create portable programs 
that consider general BIM concepts and thus different 
BIM tools can be explored. These studies illustrate the 
potential of parametric approaches in terms of fast, 
dynamic and effective generation of variants within a 
parameter based or algorithm aided BIM environment. 
Nonetheless, a gap between the utilization of parametric 
and generative tools in research and practice exists. 
Pasetti Monizza et al (2018) have investigated the 
potentials and problems of parametric and generative 
design techniques in off-site production (mass 
production) in construction. The results show that 
improvements in manufacturing efficiency, as well as 
production efficiency, can be observed through 
parametric algorithms in manufacturing. However, due to 
the lack of Industry 4.0 approaches in the ordinary value 
chain, limitations also had to be considered. A study 
sponsored by the Vienna "MA 50 Wohnbauforschung" 
(2012) addresses the issue of low-cost housing and has 
identified design and planning parameters relevant to 
construction costs. Extensive studies on industrial 
housing, which include an overview of the different 
technologies as well as extensive case study collections of 
multi-story housing developments include Philip 
Meuser's handbook and planning guide on industrial 
residential construction (2019) and the publication 
"Prefabrication and Automated Processes in Residential 
Construction" by Jutta Albus (2018). In both studies, the 
topic of digitalization in planning processes is hardly dealt 
with. Albus focuses on automation in production without 
connection to planning, while Meuser points out the 
potentials of individually configured buildings using 
BIM, however, the use of parametric modeling is not 
systematically presented in the presentation of realized 
projects. 
 

Research Design  
This study intends to develop a parameter catalogue and 
preliminary requirement specification through an 
exploratory approach (figure 2) of analyzing use case 
related secondary data. In this section, we focus on the 
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methodology, methods and materials of the exploratory 
parameter obtainment and cataloguing. This section is 
structured in the following: i) a description of the project 
specific use case and related secondary data and ii) the 
methods of parameter exploration and cataloguing.  
 

Use Case and Secondary Data  
In this section we present the use case and secondary data 
for the content analysis, extraction, reduction, 
normalization and cataloguing of parameters. The 
gathering of a large variety of data is essential to ensure 
diversity and versatility. The data generation has been 
performed prior to this study during the superordinate 
research project. Hence, a diverse set of modular multi-
storey residential building related secondary data (table 1) 
has been available for the content analysis.  
 

Table 1: Overview of Secondary Data, Formats and Content 

Data Format Data Content 

Use Case  
Document 2d floor plans and 

sections 
Spreadsheet spatial programm 
Document project description 

Algorithm Grasshopper  
8 design-scripts  
in visual programming 
language 

BIM Model 
Archicad Model 6 native files 
Revit Model 2 native files 
IFC 8 ifc files 

Housing 
Catalogue  Spreadsheet 

60 modular multi-storey 
residential building case 
studies 
23 catalogue 
characteristics/parameters 

Study on 
Housing  
Trends 

Document  

collection of institutions, 
normative frameworks, 
actors, materiality, 
technical systems, digital 
technologies 

Use Case: Joint Building Venture (“Baugruppe”) 
The legal construction common in Vienna today is that the 
members of a joint building venture (German: 
“Baugruppe”) form an association that builds and owns 
the house and rents the individual apartments to its 
members. The members of such an association are thus 
simultaneously owners and landlords (as a group of 
association members) and tenants (as individuals or 
families or other residential constellations). During 
planning, the architects thus first work with the group to 
develop a basic concept for the house (development, 
apartment mix, common areas, etc.). This is followed by 
more detailed planning participation for the common 
areas and also for the individual apartments. There is 
usually an agreement on how many planning meetings are 
scheduled for each apartment. Of course, cost sets a 
framework for how much specific molding is possible in 
an apartment. Different groups see this differently; some 
specify a few types from which there can then be only 
minor deviations; others plan the individual apartments 
very individually. In many projects today, it is common to 
take into account in the design that relatively long changes 
can still be made to the apartment floor plans during the 
project development, so that members who join later can 
still adapt their apartment to their wishes. Other than that, 
the technical and architectural deviations from common 
residential buildings are minor, except that there is a 
larger proportion of common areas. This use case (table 
2) is consistent with this model. 
 

Table 2: Use Case Profile - Joint Building Venture  

Use Case Joint Building Venture (Baugruppe) 

 

Vienna 
2015 - 2019 
4000 m2 
multi storey residential building: ground 
floor + 5 storeys 

Type funded residential home 
Units 34 dwelling units 

Figure 2: Research Design, from Secondary Data to Preliminary Parameter Catalogue 
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2 guest/refugee apartments 
35-150 m2 per unit 

Common Areas 

media workshop 
roof terrace: shared kitchen 
roof terrace: library  
roof terrace: sauna 
atelier 

fitness room 

Outdoor Area 

balconies (private) 
pergola (semi-private) 

roof terrace (semi-private) 

Construction 

ground floor: concrete 
storeys above ground floor: modular 
hybrid- timber construction 
interspersed apartments, modularly 
connectable to adjacent apartments 
slabs: cross-laminated timber and 
concrete 
exterior walls: prefabricated wooden box 
elements 
apartment partition walls: cross-ply 
timber  

 
Algorithms and BIM Models: Through research led 
teaching the research projects use case has been re-
generated as variants by interdisciplinary teams of 
architecture and civil engineering students over the course 
of one semester (Pibal et al, 2020). The data we obtained 
from research led teaching consists of 8 Design 
Algorithms inside Grasshopper plug-in for Rhinoceros 
(McNeel) and 8 BIM model variants inside Archicad 
(Graphisoft) or Revit (Autodesk) and 8 IFC files.  
Housing Catalogue: The catalogue includes 60 case 
studies of modular residential buildings and tabulates 
their characteristics that include 23 building 
characteristics derived from the 60 case studies.  
Study on Housing Trends: addresses institutions, 
normative frameworks actors, materiality, technical 
systems, and digital technologies as co-producers of the 
built environment.  
 

Parameter Exploration and Cataloguing 
The methodology of the parameter exploration and 
cataloguing is divided into following phases, which will 
be presented in this section: 

• Data Triangulation Phase 
• Content Analysis, Extraction of Parameters and 

Data Saturation Phase 
• Reduction and Normalization Phase 
• Cataloguing Phase 
• Preliminary Requirement Phase 

Data Triangulation Phase 
The fundamental concept of the conducted triangulation 
is to combine several perspectives on an object of study 

into one overall result. Triangulation as a strategy 
originally comes from empirical social research, but has 
long since left its boundaries and is also established in 
other research areas. This data triangulation includes 
various data sources and formats of secondary data (table 
1) to view the research subject from multiple perspectives. 
In this study we utilize the secondary set of data for the 
extraction of the housing specific parameters, described 
in the next subsection.  

Content Analysis, Extraction of Parameters and Data 
Saturation Phase 
Firstly, we intended to define the specific terms that need 
to be searched for in our set of data. Under the definition 
of non-geometric parameters, we summarize 
requirements, characteristics, functions and elements. To 
define these specific parameters, the generic term 
housing, is divided into 3 categories: i) the single room, 
ii) the independent dwelling unit, iii) the building unit. In 
an iterative process of data analysis, parameters were 
extracted from the secondary data and assembled into a 
non-clustered spreadsheet. Adapted from qualitative 
research methods, the extraction of parameters and 
qualitative variables was carried out iteratively until data 
saturation was reached. Here, the data saturation defines 
the phase of our qualitative data analysis in which we take 
samples and analyze data until no more new parameters 
emerge.  

Reduction and Normalization Phase 
Within the non-clustered list of parameters multiple 
mention of parameters occurred. Duplicates that have 
occurred are of the same or similar designation of a 
parameter. These were sorted, reduced and combined. The 
requirements for the individual pieces of information in a 
normalized table are independence, functional 
dependence and freedom from redundancy (Bühler et al., 
2019).  

Cataloguing Phase  
In a further iterative phase, the normalized non-clustered 
parameters are catalogued in form of a spreadsheet with 
the aim to segregate groups with similar traits and 
relations. Within this iterative process, we have developed 
four levels within the catalogue. The i) Label, ii) 
Parameter, iii) Qualitative Variable and iv) Preliminary 
Requirement levels. 

Preliminary Requirement Phase 
The preliminary requirement phase has been conducted 
after labels, parameters and qualitative variables have 
been catalogued. The research team reviewed the use case 
data, discussed and formulated the preliminary 
requirements utilizing implicit expert knowledge. 
Adapted from systematic-logical procedures (Felkai and 
Beiderwieden, 2015), we applied a logical-systematic 
method in the form of a workshop. In this process, the 
general and independent characteristics (parameters, 
designations, variables) are identified, which were then 
assigned data-related preliminary requirements within the 
catalogue.  
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Results 
The resulting parameters have been structured according 
to the levels: label, parameter, qualitative variable and 
were assigned preliminary requirements. The super-
categories have been pre-defined during the extraction of 
parameters, i) room, ii) dwelling unit and iii) building 
unit. The resulting and catalogue parameters are shown in 
the following section of this paper. 

Room Specific Parameters 
Various rooms within a residential unit within a complex 
have diverse usage profiles and thus different parameters 
that characterize them. A number of parameters must 
necessarily be applied to all rooms, others are used only 
to a limited extent or in certain rooms. An excerpt of the 
room specific parameter catalogue is shown in in table 3. 
  
 
Table 3: Room Specific Parameters, Qualitative Variables and 

Preliminary Requirements - Excerpt Parameter Catalogue  

Label   Parmeter Qualitative 
Variable  

Prelminary 
Requirement 

lighting   light source natural must in 
mandatory 
room 

   
 

artificial  must 
area   floor area aspect ratio 

design 
specific 

  
 

spatial 
proportion 

  
 

furnishing 
air   ventilation natural must in every 

mandatory 
room 

   
 

mechanical optional 
thermal   thermal comfort heating must  
   

 
cooling optional 

openings   structural openings doors must in every 
room 

   
 

windows must in every 
mandatory 
room 

   
 

ventilation 
openings 

must if no 
window 

con-
nections 

  power supply  
/   water supply / 

  sewerage  
sanitary    sanitary facilities quantity  according to 

unit size and 
room count 

   
 

equipment / 
surfaces   flooring 

material design 
specific   ceiling 

   walls 
 

Dwelling Unit Specific Parameters 
A dwelling unit consists of the combination of several 
rooms, different in their type and functionality, which in 
their interaction enable the use for residential purposes. 
The specific parameters describing a dwelling unit are 
shown in table 4. The size of dwellings varies greatly in 
terms of the number of mandatory rooms and 
supplementary rooms, and the size of the individual 
rooms. A division is made between mandatory and 
supplementary rooms. Through implicit expert 
knowledge mandatory rooms are required to enable, in 
their interaction, the use of the unit for residential 
purposes. Supplementary rooms are defined as additional 
rooms that expand the functions of the unit. An excerpt of 
the dwelling unit specific parameter catalogue is shown in 
the following. 
 
 

Table 4: Dwelling Unit Specific Parameters, Qualitative 
Variables and Preliminary Requirements - Excerpt Parameter 

Catalogue  

Label Parameter Qualitative 
Variable 

Prelminary 
Requirement 

mandatory 
rooms room room 1  must have ≥ 1 

room 

  kitchen 
must have ≥ 1 
room + separate 
kitchen 

  room 1 + 
kitchen 

must have 1 ≥ 
room including 
kitchen 

 sanitary room bathroom must have 
bathroom 

  toilet must have toilet 

  bathroom + 
toilet 

bathroom and 
toilet can be in 
one room if unit 
has ≤ 2 rooms 

 area between 
mandatory rooms corridor 

mandatory rooms 
shall be 
accessable via 
corridor 

 entrance area hall unit shall have a 
hall  

supplem. 
rooms sanitary rooms seperate 

toilet 

must if ≤ 2 
mandatory rooms 
in unit 

  additional 
bathroom design specific 

  utility room design specific 
 functional room starge room design specific 
  pantry design specific 
 non-mandatory 

/additional room room 2 according to 
housing mix and 

unit size 
  room 3 
  room n 
 outdoor area balcony design specific 
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loggia   
garden   
sunroom 

 

Building Unit Specific Parameters 
In addition to the residential units, the overall concept of 
the housing development also includes the development 
areas, possible general-use areas or rooms, and the 
technical building equipment, as well as the additional 
requirements associated with them. The determination of 
the parameters is deliberately supplemented only at this 
point by the planning and constructional aspects of the 
housing development planning. If one considers, for 
example, selected load-bearing systems, wall structures or 
ventilation systems, these always extend in the same way 
over several floors or even the entire residential building. 
They do not have to be redefined for each room or housing 
unit. The equipment and building physics requirements 
were deliberately not included as they are beyond the 
scope of this study. An excerpt of the building unit 
specific parameter catalogue is shown in table 5. 
 

Table 5: Building Unit Specific Parameters, Qualitative 
Variables and Preliminary Requirements - Excerpt Parameter 

Catalogue  

Label Parameter Qualitative 
Variable 

Prelminary 
Requirement 

general 
requirement 

accessibility / units must be 
accessible  

circulation staircase according to 
design and 
building 
regulations 

  
access to units   
lift 

 
general areas laundry room design specific   

universal room design specific   
private storage optional outside 

unit   
bicycle room must  

  garbage room must    
youth space design specific   
stroller room must 

engineering 
factors 

structure type / design specific 
 

components load bearing design specific   
non-load bearing design specific 

planning 
factors 

fire safety escape routes according to 
building 
regulations   

material according to 
building 
regulations   

compartment according to 
building 
regulations  

housing mix unit size and 
number of rooms design specific 

 
building 
physics 

vapour diffusion 

/ 
  

sound proofing   
insulation   
damp proofing  

superstructure wall 
according to 
structure type 

  
slab   
flooring   
cloumn  

building site development according to 
building 
regulations 

  
height   
area 

technical 
building 
equipment 

media 
/ / 

 
sanitary piping / /  
ventilation / /  
power / /  
thermal  / /  
shaft count  

design specific 
  

position   
size  

lift system operating room 
design specific   

shaft size 
 

Conclusion and Future Research  
The objective of this paper was to define and catalogue 
preliminary housing-specific parameters, qualitative 
variables and preliminary requirements and define which 
parameters and requirements must be obtained as basis for 
the design guideline for an algorithm-aided BIM tool. 
Aiming to explore the parameters and requirement 
specifications utilizing secondary data of a specific use 
case. When utilizing an exploratory approach to 
qualitative data analysis, limitations regarding data 
saturation must not be neglected. A category is considered 
saturated when researchers have reached the point of data 
analysis where the inclusion of additional material cannot 
yield any new properties of a category. Only after this 
saturation is reached are further steps, such as a 
quantitative research, useful in determining variables. The 
objective of this study was not statistical 
representativeness, but rather to develop the properties of 
theoretical concepts and categories inside the catalogue. 
Nonetheless, the fact that the application of the criterion 
of data saturation is subject to interpretation and cannot 
be derived objectively from the data places legitimacy 
demands. The housing-specific parameters derived in this 
study have their limitations, of course. Since the analysed 
set of data has been developed during the research project 
and has a very specific scope, we suppose further research 
and especially analysis of normative, legal and technical 
sources for the definition of requirements and constraints. 
Which shall result in a broader quantity of housing 
specific parameters, qualitative variables and more 
detailed requirement specifications. Concluding, for 
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future research following questions must be met. How 
must requirements and constraints be formulated that deal 
with rules, conditions and limits of the identified 
parameters, values and preliminary requirements? How 
must developed constraints be utilized to create sets of 
rules that cover all elementary areas of design holistically, 
qualitatively and quantitatively? The goal is to prepare the 
constraints and parameter values qualitatively and 
quantitatively in such way that they make a concrete and, 
if possible, measurable statement that stands on its own. 
In doing so, they should meet the legally applicable 
conditions, the prevailing state of the art, the demands for 
high-quality residential construction, as well as specific 
requirements for semi-automatic model generation based 
on algorithm-aided design and BIM. In conclusion, this 
study presents a preliminary cataloging of housing-
specific parameters and preliminary requirements that 
serve as a foundation for future research regarding the 
design guideline of an algorithm-aided BIM tool. 
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Abstract 
There is an increased need for tracking building 
component information through its lifecycle(s) in order to 
reduce risk and uncertainty for reuse. Existing literature 
for material tracking focuses primarily on RFID for 
location tracking on equipment. However, Quick 
Response (QR) codes were used in this case study because 
of the low cost, speed of implementation, and 
accessibility. QR codes were applied to the structural 
wooden members through laser engraving. This proof of 
concept analyzes the challenges and advantages 
associated with using QR codes as the chosen tracking 
technology as well as engraving them as a permanent 
fixture. 

Introduction 
Increasing data availability and transfer is shown to assist 
the adoption of circular economy principles in the built 
environment and facilitate reuse (Hedberg and Sipka, 
2021; Hossain et al., 2020). The circular economy within 
the built environment aims to minimize raw material input 
and waste within construction through more efficient 
resource strategies such as reuse, recycling, removal of 
excess, and even refusing new construction (Çetin et al., 
2021; Kirchherr et al., 2017). Through decoupling 
economic growth from further resource consumption it is 
possible to reduce the carbon emissions associated with 
construction from new materials (Arup, 2016; Iacovidou 
and Purnell, 2016). There is an increased interest in 
adopting tracking technologies as one component of 
Internet of Things (IoT) into the built environment to 
increase data availability and transfer (Gligoric et al., 
2019; Merezeanu and Florea (Ionescu), 2017; Valero et 
al., 2015). Ghosh, et al. explored patterns and trends with 
IoT in the construction industry from 417 papers and 
identified four thematic clusters: structural health 
monitoring, construction safety, optimization and 
simulation, and image processing (Ghosh et al., 2020). 
Another in-depth review of IoT devices and building 
information modeling found four thematic clusters: 
construction and operation monitoring, health and safety 
management, construction logistics and management, 
facility management (Tang et al., 2019). Both reviews in 
this field demonstrate a dearth of research on using IoT 
for building component lifecycle tracking. Component 

lifecycle tracking is useful for reducing embodied energy 
buildings through reuse. 
Most data storage and transfer happens through external 
documentation or electronic drawing sets, but maintaining 
continuity with the represented physical objects 
introduces potential for error or loss of continuous 
connection (Hedberg and Sipka, 2021). In addition, many 
barriers still exist in adopting material tracking systems, 
such as technical competence of the users, data 
management, and perceived cost impact (Moretti et al., 
2019). Previous studies have looked into the application 
of Radio Frequency Identification (RFID) as the primary 
technology used on building elements for tracking 
(Copeland and Bilec, 2020; Merezeanu and Florea 
(Ionescu), 2017; Montaser and Moselhi, 2014; Moretti et 
al., 2019; Swift et al., 2017; Valero et al., 2015), but this 
overlooks a low-cost and accessible alternative: Quick 
Response (QR) codes. 
This research uses a case study project to test and analyze 
methods of applying tracking technologies to building 
components to digitally house material information via 
materials passports. As defined in a report from project 
Buildings as Material Banks (BAMB), material passports 
are, “(digital) sets of data describing defined 
characteristics of materials and components in products 
and systems that give them value for present use, 
recovery, and reuse” (EPEA Nederland BV and 
SundaHus i Linkoping AB, 2017). Lützkendorf states that 
preliminary initiatives for material passports, though 
needed, have been unsuccessful because the demand for 
information needs to be strengthened (Lützkendorf, 
2019). The author ends with recommending further 
research on storing and updating product data over 
lifespans (Lützkendorf, 2019). Implementing the use of a 
material passport facilitates reuse and incentivizes 
capturing material value through extending the total 
lifecycle of the material (Hoosain et al., 2021). This paper 
starts with a comparison of different asset tracking 
technologies and aims to demonstrate the feasibility of 
using QR codes to bridge a component to its digital 
material passport through engraving. 

State of the Art 
Comparison of Asset Tracking Approaches 
Different methods exist for the tracking of assets that 
range from traditional approaches such as using pen and 
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paper to digital technologies such as barcodes, QR codes, 
and RFID. The traditional approach involves relying on 
pen and paper to track company assets. Lack of proper and 
scalable organizational ability leads to wasted time 
searching for records and instant information exchange is 
difficult using this approach. Additionally, transparency 
among the project participants is difficult to keep up, due 
to the fragmentation of information.  
A spreadsheet-based asset tracking system offers some 
benefits over using pen and paper. Spreadsheet files are 
available to multiple users and there is no need for 
searching of the physical location of your asset records. 
However, due to manual data entry, spreadsheets are 
prone to error, and it is difficult for multiple team 
members to access and update the files simultaneously. 
Digital tracking methods speed up the data transfer 
process through technology and are often used in 
combination with mobile devices. Using a barcode to 
track assets, for example, avoids many of the issues in 
connection to human errors that come with spreadsheets 
and manual tracking methods. 
Digital tracking technologies all serve the same purpose: 
storage of small amounts of data, unique identification of 
items, and the transfer of the information. Connecting the 
tracking devices to each other and to the internet 
facilitates data transfer as the IoT enables the monitoring, 
controlling, and analyzing of processes. This makes it 
possible to collect and share data on the construction 
process using small tags for example. Multiple types of 
sensors and tracking technologies exist, including 
barcodes, QR codes, active RFID, passive RFID, 
Bluetooth low energy (BLE) devices, and near-field 
communication (NFC) devices. Table 1 provides a 
comparison of these solutions. Checks in parenthesis 

indicate the tracking technology can fulfill the 
requirement but is not perfectly suited for it or requires 
additional measures. 

Asset Tracking for the Built Environment via RFID 
A commonly used method for material tracking are radio 
frequency identification (RFID) tags. RFID is a wireless 
non-contact system that is based on the exchange of 
information by means of electromagnetic signals. The 
collected information is then transferred to a computer 
system, where the data can be stored and managed by 
means of an application (Valero et al., 2015). The power 
source is an essential property of a tag as it determines the 
tag’s potential read range, lifetime, cost, functionalities, 
needed orientation, and physical form. Active RFID tags 
have their own power source (e.g. a battery), which 
enables them to have a much longer operation range than 
passive tags. Passive tags do not have their own power 
source, nor can they initiate communication. They obtain 
their power by harvesting energy from incoming radio 
frequency signals. The third type of RFIDs are semi-
passive, which have an internal power source but cannot 
initiate communication. 
To develop continuous tracking, previous research has 
explored a bi-directional repository for building 
architectural elements (Swift et al., 2017). The case study 
involved tracking a doorframe at the end of life in one 
building to be further tracked and used in a new build 
(Swift et al., 2017). A further paper on this case study 
developed the concept of connecting the cloud to the 
RFID tag and BIM (Ness et al., 2020). RFID tags were 
not used in this case study for multiple reasons. In the 
practice of circularity, RFID tags can be reused if prior 
data is properly deleted, and new data is written on to 
them.

Table 1. Requirements for tracking systems of building components 

Requirements Barcode QR-Code RFID-
Active 

RFID- 
Passive BLE NFC 

Reduction of human 
error ✓ ✓ ✓ ✓ ✓ ✓ 

Line-of-sight range Low Low High Low Moderate Very low 

Automatic 
Identification × × ✓ ✓ ✓ (✓) 

Simultaneous 
Identification (✓) (✓) ✓ ✓ ✓ (✓) 

Wireless data transfer ✓ ✓ ✓ ✓ ✓ ✓ 
Analysis of 

movement patterns × × ✓ × ✓ × 
Real-time location 

tracking × × ✓ × ✓ × 
Two-way 

communication × × × × ✓ ✓ 

Ease of Application High Very High Moderate High Moderate Moderate 

Relative cost of 
implementation Very low Very low Very high Low High Very high 
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This case study did not have access to used RFID tags to 
apply and the aim of the project was to minimize any new 
material needed for construction. RFID tags also have 
initial capital costs from both the tags and the readers. 
Although those capital costs are lower than the laser 
engraver used for the scope of just this project, the relative 
cost of implementation is generally higher for RFID than 
QR codes. Lastly, is the issue of accessibility. As noted in 
Table 1, QR codes have a notably increased ease of 
application from the ability to be read by users without the 
need of special equipment. Because of this reason, 
barcodes were not chosen either. 

Asset Tracking for Circular Economy via QR Code 
BLE and NFC devices were not used because, similarly, 
there is a hardware requirement we could not address 
without purchasing new materials. BLE also has a device 
energy demand, as does active NFC, but NFC can be used 
passively without an energy demand on the tag. However, 
passive NFC also has the limitations of necessarily 
needing to be within a few centimeters of the reading 
device. There is additional hardware limitation of devices 
capable of reading NFC and BLE, whereby external 
phone attachments, limited applications and operating 
systems, or separate readers are needed to interact with 
these solutions. 
QR codes are a system that can be easily managed and 
allows a relatively large amount of data to be stored. The 
QR codes consist of small black squares arranged on a 
grid with a white background, and technical imaging 
devices (e.g., cameras) are used to read QR codes. The 
image is processed algorithmically by a software 
according to the QR code standard until the captured 
image is interpreted and the data contained in the code can 
be read (Ventura et al., 2016). 
QR codes have been shown to integrate with IoT 
infrastructure in the built environment for pairing sensors 
used in building energy modeling (Madsen et al., 2021). 
The use of QR codes for digital product passports in the 
circular economy of manufacturing has been explored in 
academia (Gligoric et al., 2019) and through industry 
solutions in fashion (“circular.fashion,” n.d.), plastics 
(“Circularise,” n.d.), and consumer products (Stylianos 
Georgoulas et al., 2017). As multiple industries are 
increasing interest in tracking products through life-
cycles, there has been some work into unique QR code 
applications, such as engraving into metal product cases 
(Ventura et al., 2016) and reversible QR code ink 
technique (Gligoric et al., 2019). Though application 
techniques and QR codes for circular economies have 
been often explored for other industries, limited work 
explores the integration of QR codes within the 
architectural, engineering, and construction (AEC) 
industries. This paper aims to expand the existing 
literature on QR codes for item lifecycle tracking into the 
AEC industry for digitizing materials passports via 
engraved QR codes. 

Materials and Methods 
Case Study Description of the Dome Project 
To explore techniques of reuse and digitization through a 
real use case in construction, part of an automobile 
warehouse in Geneva, Switzerland was disassembled to 
reclaim building materials. Primarily large wooden beams 
were recovered ranging from three to six meters in length. 
Additionally, metal fasteners, plastic piping, oriented-
strand board (OSB), small steel beams ranging 1.5 to 3 
meters in length, and miscellaneous furnishings were 
recovered. In order to test methods of digitization and 
material tracking a design algorithm inspired by one of the 
author’s previous work (Huang et al., 2021) was used to 
develop a geodesic dome structure from the recovered 
building stock. The approach involved cutting the existing 
wooden beams into specific sizes needed for the structure, 
then to apply a tracking technology in order to link the 
materials to a digital material passport. The final 
construction of the dome as seen in Figure 1 consisted of 
161 structural components from the recovered wooden 
beams, 60 joint nodes from the recovered PVC piping, 
120 node caps from the recovered OSB, and 
approximately 700 new screws. 
 

 
Figure 1. Dome Project Final Construction 

 

The dome primarily uses sawn lumber, a commonly used 
building material in residential and low-rise construction. 
Demonstrating the success of a material passport 
infrastructure on the scope of this dome provides initial 
steps for scaling into other forms of infrastructure, such as 
modular concrete construction. This paper explores the 
process of laser engraving construction materials in the 
construction process, as demonstrated in Figure 2, to 
embed a connection to digital materials passports in 
elements of the final structure. 
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QR Code Development 
QR codes were chosen as the technical solution because 
of their speed of production, ease of application, 
accessibility, and because of growing application within 
the building industry (Elizabeth Rosselle, 2018; 
“Recommended QR Label Printers,” n.d.). Many services 
publicly available produce and manage QR Codes. Static 
QR codes are read-only codes; such that once they are 
produced, the information embedded is permanent and 
will always house the same data. Dynamic QR codes have 
the ability to redirect the final routed destination by using 
an intermediate short URL. A dynamic QR code allows 
the owner to, effectively, update the stored information on 
the same QR code produced as well as provide statistics 
such as number of scans, location, and operating system 
used to scan. 
Initial efforts for producing QR codes involved using the 
qrcode 7.3.1 package for python (Loop, n.d.). This 
method produces QR codes with only a few lines of code 
and allows for some customizability. This method is free 
and allows anyone to produce their own QR codes, but the 
disadvantages include only producing static QR codes and 
not allowing for easy management of the codes en masse 
when produced. A similar approach was tested using 
functions within Microsoft Excel and Google Sheets to 
output a QR code when provided a URL. The advantages 
of using a spreadsheet formula are that all codes are stored 
within a single document, but the disadvantages of this 
method are that the codes are only static and the aesthetic 
and output file format are not customizable. 
For the development of the Dome project shown in Figure 
2, the program QR Code Generator (“QR Code Generator 
| Create Your Free QR Codes,” n.d.) was chosen to 
produce and manage the QR codes for the dome as it 
provided an easy interface for managing the project codes 
and had more aesthetic customizations. The program 
allowed the development of dynamic QR codes; however, 
in project implementation only static QR codes were used 
because of the added programmatic costs of producing 
dynamic codes.  

Laser Engraving 
There are varying approaches to effectively applying the 
QR code to the material from mechanical fastening, 
chemical fastening, and engraving amongst others. The 
technique chosen for application was to laser engrave the 
QR code directly onto the wooden members as seen in 
Figure 2. This satisfied requirements such as aesthetics, 
durability, and accessibility. For this research, a Trotec 

Speedy 400 CO2 Laser Engraver was used for application 
to the wood members. There is no known initial product 
data on the recovered structural materials, thus it is 
necessary to test laser settings for optimal readability of 
the QR codes as shown in Figure 2. The members are 
visually observed to be a softwood pine-based wood. For 
the Trotec Speedy the associated software for the 
engraving is Ruby and the required input file is a vector-
based PDF.  

Printed Labels 
For two of the components, we experimented with 
removable printed tags as an alternative to directly 
engraving the codes. These tags are produced from 1.6mm 
TroLase materials and manually screwed into the wood as 
seen in Figure 3. This step necessitates more hardware for 
installation and is more visually abrasive, but allows for 
simple replacement of the QR code. 
 

 
Figure 3. Image of Removable QR Code Label 

 

Results and Discussion 
Advantages and Disadvantages of QR Codes for 
Material Tracking 
QR codes were used as the technological solution to 
material component tracking, yet there are many 
advantages and disadvantages to this approach. A large 
issue with using QR codes is the system that develops and 
manages the codes. The disadvantage of using a third-
party service (including what was used on this project) is 
that it is subscription based and has limitations on number 
of codes produced, number of users, and number of scans. 
An additional barrier of using QR codes for material 
tracking is the requisite need for visual access to the 
material, or at least to the QR code on the material. QR 

Figure 2. Workflow demonstrating the QR code production, laser engraving, subassembly, main assembly, and accessing the 
materials passport in situ 
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codes are not a sufficient system for embedded or 
encapsulated materials, such as cast-in-place concrete or 
insulation behind an exterior wall. In these instances, 
technologies like RFID, NFC, or BLE have greater 
advantages. The use of RFID tracking technology for 
building components is likely most applicable for new 
construction, where tracking from the manufacturer or 
producer to staging on the jobsite to final install requires 
location-dependent data. Whereas QR codes are likely the 
best approach for building components in situ where 
location is less important than housing material or product 
information.  
There are several unique advantages to using QR codes. 
Unlike barcodes, a QR code can be scanned from any 
angle. The three eyes in the corners help the scanning 
device determine its orientation. QR code systems enable 
fast and reliable data entry and can hold up to 350 times 
more data than a barcode. QR codes can be scanned using 
common mobile operation systems and no special reader 
is required. An important factor in developing QR codes 
is optimizing for information stored. The longer the URL 
stored in a QR code, the more complex and, therefore, 
likely to be disturbed it will be. This is another advantage 
of using dynamic QR codes, which often use a shorter 
URL for the intermediate redirection page. With an 
increase in prefabricated and modular construction, there 
are advantages to material tracking using QR codes as 
evidenced by construction technology companies such as 
Manufacton, Hilti, and Prescient. 

Laser Engraving Results 
Table 2 below provides results on the tested laser 
engraving parameters. The parameters tested include the 
power and speed (Trotec provides inputs only as 
percentages), location on sawn lumber, and dots style. 
The locations tested included the inside (the recently 
exposed surface after cutting the piece to desired size) and 
the outside (the previously exposed side during its last use 
phase). Two dots styles of the QR code were tested, 
square and round, to examine if this would affect 
readability of the codes. The engraved codes were 
systematically tested in two different lighting conditions 
using two different cameras. The recorded output of 
“Fails” and “Success” indicate whether the camera 
recognition technology successfully recognized, read, and 
directed the QR code to the database. 
The engravings took 1 minute 52 seconds each, and the 
total processing time (including sanding and file 
preparation) averaged about 6 minutes per component. It 
was also found that light sanding after engraving further 
increased the code readability. The Google Lens camera 
from both the iOS application and native phone camera 
performed best in yielding most QR codes detected. 
Figure 4 displays photographs of the resulting engraving 
trials. Other conditions were experimented with, such as 
engraving on a knot in test 13, or on a chipped area in test 
12. After testing various parameters in the Trotec laser for 
optimum readability, the final parameters used for all 
material engraving was 70% Power and 50% Speed 
within the Ruby Software. 
 

 

Table 2. Laser Engraving Testing Parameters 

Trial 
Number 

Power 
(%) 

Speed 
(%) 

Location (on 
sawn 

member) 

Dots 
Style 

Results 
(iOS 

camera) 

Results 
(iOS 

camera) 

Results 
(Google 
Lens) 

Results 
(Google 
Lens) 

Poor 
Lighting 

Good 
Lighting 

Poor 
Lighting 

Good 
Lighting 

1 50 100 Inside Round Fails Fails Success Success 
2 50 100 Outside Round Fails Fails Fails Fails 
3 50 100 Inside Square Fails Fails Success Success 
4 50 100 Outside Square Fails Fails Fails Fails 
5 60 100 Inside Round Fails Fails Success Success 
6 70 90 Outside Round Fails Fails Success Success 
7 70 90 Inside Round Fails Success Success Success 
8 75 80 Outside Round Fails Success Success Success 
9 75 70 Inside Round Fails Success Success Success 

10 70 50 Outside Round Fails Success Success Success 
11 70 50 Inside Square Success Success Success Success 
12 65 50 Inside Square Fails Success Success Success 
13 60 50 Outside Square Fails Fails Fails Success 
14 65 50 Outside Square Fails Fails Fails Fails 
15 70 50 Outside Square Fails Success Success Success 
16 80 60 Outside Square Fails Success Success Success 
17 70 50 Outside Round Fails Success Success Success 
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Figure 4. Images from Testing Laser Engraver Settings on the 

Same Piece of Wood 
 

Laser Engraving Challenges and Benefits 
A laser engraver provides unique advantages and 
disadvantages for the application of QR codes for 
tracking. Laser engravers work well for many biological-
based materials, some plastics, and most metals. QR 
codes can also be programmed for an error capacity if 
some of the code becomes destroyed or unreadable on the 
material. Specifically with engraving QR codes into 
wood, another potential issue may come from the wood 
later being treated. If layers of paint or sealant are applied 
to the wood and seep into the cavities produced from the 
engraving, then this may negatively affect its readability.  
Through testing the wooden components, an unexpected 
barrier came from the idiosyncrasies of the wood material 
itself. Within a cross-section of wood are various layers 
that have different properties including sapwood, 
heartwood, and the pith (Ramage et al., 2017). Within the 
heartwood are the growth rings, which vary in thickness 
and hardness based on summerwood and springwood 
(Ramage et al., 2017). In addition, the alignment and 
growth patterns of the grains were inconsistent between 
pieces. Because the laser maintained a static power and 
speed setting for each engraving, the final depth varied 
depending on the subjective properties of the wood 
resulting in unique artifacts. There are two other factors 
affecting the success rates of QR code readability: 
environmental lighting and camera quality. Because of the 
irregularity of the engraved wood, how the ambient light 
illuminated the QR codes affected if the cameras could 
detect the code. Figure 5 compares the same codes turned 
in different orientations towards the ambient light and 
illustrates the significance of both the wood grain and 
lighting conditions. 
 

 
 

Figure 5. Demonstration of how Light Conditions and Wood 
Grain Orientation affect Readability of the same QR Code 
 

The barriers to using an industrial laser engraver include 
the limited bed size and prohibitive costs. An alternative 
to using a standing machine could be to utilize a portable 
laser engraver. Using a portable machine allows for 
application on site in situ and is less expensive. Although, 
using a portable laser engraver often comes with 
limitations in the size of engraving area and speed relative 
to a full standing machine, but for the application of QR 
codes this is not seen as a significant barrier. 

Limitations 
A notable concern with the use of tracking technologies, 
especially a permanent solution such as engraved QR 
codes, is adaptability. Lumber is a material that is easily 
replaceable on many job sites as well as easily modified. 
If a piece of lumber were cut into two pieces then the 
engraved QR-code would need to reflect this, which could 
be difficult if the QR code is static. If a static QR code 
solution is used in tandem with an editable database 
solution (e.g. have webpages redirect to most recent 
component data), then this is no longer an intractable 
problem. In addition, utilizing a QR-code application 
technique that allows for removal and reuse (e.g. on a tag 
screwed into the member as shown previously in this 
paper) is another solution for this issue.  
Furthermore, QR codes have a challenge with visibility 
that radio-based technologies do not have. Building 
components hidden behind finishes, within a slab, or at 
too small a scale all experience difficulties being tracked 
with QR codes. Further difficulties arrive with 
information fidelity when the component is modified. If 
one of the engraved wood members in our project is cut 
in half, then how does the QR code (assuming it wasn’t 
also cut in half) reflect the new member and will the other 
member receive a new QR code. Parallel to this logistical 
problem is the data modeling problem: representing a 
component that was split or combined with other tracked 
components through its lifecycle. These issues have not 
been addressed within this paper but will be explored with 
future work. 
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This scope of this work was limited to only wooden 
members in a small-scale structure, yet the successful 
proof-of-concept can potentially be scaled to additional 
building elements. For example, structural steel is 
fabricated and marked in shops before delivery to the 
construction site, which is an opportunity for integrating 
tracking technology into existing industry practices. Fiber 
lasers are already known to be used for engraving into 
stainless steel without compromising the steel material 
(Dan Davis, 2018; Gabzdyl, 2008). 

Conclusion & Future Work 
To approach a circular economy in the built environment 
we need to address issues of material and information 
management that currently inhibit reuse (Hossain et al., 
2020). This paper provides evidence of the efficacies from 
using QR codes as a material tracking technology that 
houses materials passports by bridging the physical asset 
with electronic documentation. A comparison of potential 
tracking technologies is provided and a further analysis of 
RFID and QR codes. QR codes were chosen because of 
their 1) low cost, 2) speed of implementation, and 3) 
accessibility. The application method explored was 
primarily via laser engraving, and two instances of 
removable tags were also utilized.  
Further work is being completed using this same case 
study on developing a building component database. The 
QR codes currently link to a web-based proxy repository 
for storage of a partial material passport. Further 
infrastructure on developing a backend database and a 
frontend user-interface will be analyzed to explore what 
solutions are the most feasible for building component 
lifecycle tracking. Specifically, there is nascent work in 
academia and limited work by industry on data modeling 
at the appropriate scales, such as knowledge graphs and 
resource description frameworks (RDF), and on storage 
solutions, such as SQL and NoSQL, for reused 
components.  
Developing and testing this workflow is critical to prove 
the feasibility of directly connecting virtual data to a 
physical asset. Uncertainty and risk are two great barriers 
in the circular economy (Camacho-Otero et al., 2018; 
Hossain et al., 2020). This workflow proves that 
continuity of information is possible and can be used to 
inform future design work and material transactions. This 
information transfer is an initial layer to develop a 
dynamic bi-directional connection to Building 
Information Models or third-party material platforms to 
facilitate reuse. This paper provides a comparison of 
different tracking technologies that may be utilized for 
building components, and it contributes knowledge to the 
practicalities and challenges associated with engraving 
QR codes into building components. These contributions 
in aggregate further facilitate reuse and the circular 
economy for the built environment. 
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Abstract 

It is important for the success of any intervention to 

understand the existing system environment and user 

requirements. There has been limited study into the user-

requirements of steel-fixers in the off-site fabrication of 

reinforced concrete and steel reinforcement. This work 

seeks to understand and specify the context in which steel-

fixers are working and identify the user-requirements. 

Steel-fixing video footage was analysed, enabling the 

production of targeted questions, which were then posed 

to industry experts at in-person site visits. The user-

requirements are categorised into three groups: the users’ 

safety & comfort, environmental, and task-specific 

requirements. 

Introduction 

The implementation of new technologies in industry has 

a very high failure rate. Sailer et al. (2019) reported that 

many of the industry-focused studies into digital 

transformation found that most organisations failed in 

their initiatives to exploit digital technologies, with 

reported failure rates of 60%–85%. Similarly, 

approximately only 6% of proposed robotic technologies 

in concrete building construction research are actually 

implemented commercially (Gharbia et al, 2019), a 

number indicative of the wider problem with technology 

uptake in construction. Despite the low levels of uptake, 

there is still a lot of interest in the implementation of new 

technology and digital systems in the construction 

industry due to the promise of improvements in 

productivity and quality. To improve the success of any 

change to a process, e.g., to move it off-site, or any 

technological intervention, it is important to define the 

requirements of the process and any process users 

(Nguyen Ngoc et al. 2022). 

This research project is about identifying the user 

requirements for digitally enabling off-site fabrication. 

User requirements, as defined by Mo et al. (2015), are the 

requirements of the end-user and task, the answers to the 

question of ‘What must the system do to deliver 

capability?’. The authors describe ‘good requirements’ as 

being complete, they contain all the information for 

implementation. ‘Good requirements’ are solution 

independent, stating what the requirements are but not 

how they should be met; they are clear and testable, so that 

the requirements can be measured to determine if the 

design goal was met. ‘Good requirements’ are also 

traceable, meaning that it is possible to trace a 

requirement back to the rationale it was derived from. 

‘To Digitally Enable’ refers to the practice of making a 

process possible or easier through the use of digital 

systems and technology. ‘Off-site fabrication’ specifies 

the process of producing or fabricating a structure, or an 

element thereof, at a secondary site away from the 

primary construction site. The secondary site is often a 

more controllable environment, frequently a factory 

specifically designed for this process (Aydinlik 2016). 

Off-site construction provides many benefits such as 

higher construction speeds, enhanced quality, and lower 

construction costs (Goulding et al. 2012). Razkenari et al. 

(2020) found that reduction in construction time was the 

single most important driver for off-site construction.  

Shamsai (2006) reported that the rate of production for 

automatically manufactured reinforcement is greater than 

that of manually tied or welded reinforcement. It is a 

commonly held view that of the entire process for the 

fabrication of reinforced concrete, steel-fixing and cage 

assembly is the most challenging part to automate. 

Despite the benefits of automatically tied rebar, a 

significant portion of steel reinforcement is still manually 

tied or welded.  

Steel-fixing is the act of positioning and securing 

reinforcement bars, or rebar, and other steel reinforcement 

(e.g. steel fabric) during the manufacturing of reinforced 

concrete (National Careers Service 2021). There is no 

‘book’ on how to do steel-fixing and reinforcement cage 

assembly, and as such there is no single comprehensive 

description of the user requirements. However, certain 

aspects of it are covered in the documentation outlining 

the standards for reinforced concrete and its 

reinforcement. For example, BS 7973-2:2001 details the 

regularity and where the reinforcement should be fixed for 

various structures. BS EN 10080:2005, in conjunction 

with BS 4449:2005+A3:2016 (bar, coil and decoiled 

product), BS 4482:2005 (steel wire) and BS 4483:2005 

(steel fabric) describes the material requirements of the 

steel reinforcement for reinforced concrete, while BS 

8666:2020 describes the standards for the scheduling, 

dimensioning, cutting and bending of the steel. 

State of Research 

Issues with the current off-site steel-fixing process 

The act of manual steel-fixing has been linked to a high 

risk of developing musculoskeletal issues. Solomonow et 

al. (2003) and Punnett et al. (1991) found that working in 

a static extreme trunk flexion or nonneutral trunk posture 

for more than 10% of working time, respectively, 

increases the risk of developing lower back disorders. 

Lower back injuries being the most prevalent 

musculoskeletal disorders experienced by rebar workers 

(Hunting et al. 1999). Studies have found that rebar 
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workers currently spend 37 – 48% of the working time in 

a nonneutral trunk working posture (Burdorf et al. 1991, 

Buchholz et al. 2003, Forde and Buchholz 2004, Lingard 

et al. 2019). As such, it follows that the manual process of 

rebar tying leads to a high risk of musculoskeletal 

disorders (Umer et al. 2017). 

The current automated reinforcement cage manufacturing 

process is not suitable for more than 2 layers of 

reinforcement or circular reinforcement cages (Garg and 

Kamat 2014). Further, Relefors et al. (2019) identified 

several issues with using industrial robots for the 

automated installation of reinforcement. In a systematic 

review of robotic technologies in concrete building 

construction Gharbia et al. (2019) found that only 22% of 

these technologies were commercially implemented or 

deemed viable by the authors. As such while there have 

been some attempts to address some of the problems of 

manual steel-fixing, including automatic rebar tying guns 

for muscular-skeletal issues and Building Information 

Modelling (BIM) for enabling understanding of project 

documentation, these either fail to address the full scope 

of issues faced by steel-fixers or have not been tested 

beyond prototypal stages. 

Another of the current challenges in the steel-fixing 

process is the impact of the learning curve and the time 

required to understand the project build. The need to 

frequently refer to the approved reinforcement drawings 

to ensure a correct assembly is a useful and supportive 

task, but not one that directly results in completed work. 

A study on time consumption during manual steel 

reinforcement fabrication for high-rise buildings found 

that 35% of labourer time was spent on ineffective tasks, 

34% on supportive or contributory tasks and only 31% on 

effective tasks (Nguyen et al. 2020). A significant positive 

relationship was also found between the quantity of 

reinforcement fixed (the amount bars fixed into place or 

tied together) and the productivity rate (Jarkas 2012). 

Jarkas believed that this relationship could be partially 

attributed to the initial ‘contributory’ time during which 

the labourers review the drawings, reinforcement details, 

prepare the work areas and the reinforcing steel bars 

before undertaking the ‘direct’ work. For smaller-scale 

activities a major portion of the labour input will go 

towards the initial ‘contributory’ work, so reducing the 

time spent on the ‘contributory’ work would allow for a 

significant increase in average labour productivity rates 

for small-scale and/or unique projects. 

Potential interventions and factors impacting the user 

experience 

One type of technology intervention with the aim of 

increasing worker safety is rebar-tying machines. Steel-

fixers could use rebar-tying machines to reduce the risk of 

musculoskeletal issues. This leads to a decrease in static 

trunk bending and thereby decreasing the peak and 

cumulative compressive forces on the lower back (Vi 

2003). Lingard et al. (2019) investigated the impact of 

tool selection on back and wrist injury risk during steel-

fixing, and found that no single tool (nips, hand-held 

automatic rebar tying power tool, and/or long-handled 

stapler tool) was best in all situations and that work at 

different heights (in relation to the worker’s body) 

involves different levels of risk to the back and wrist. 

However, Badgujar et al. (2019) reported that knots tied 

using automatic rebar-tying tools were less rigid and stiff 

than those done manually with nips. 

Kwon et al. (2014) proposed an augmented reality (AR) 

system to manage defects within reinforced concrete 

(W5). This involves transferring the BIM geometry 

information to an AR Toolkit and then registering the AR 

markers to the information. Workers would next attach 

markers to the assigned locations in the physical world, 

allowing them to view the augmented BIM geometry 

information superimposed onto the real site components 

via a mobile device (W5). The authors noted that the 

process of setting up markers was very time consuming 

and suggested the use of real-time fiducial marker and 

markerless tracking for AR would enable faster and more 

convenient target detection. 

Similarly, Meža et al. (2015) reported that AR can 

significantly contribute to the understanding of project 

documentation. However, technological interventions can 

cause discomfort to users and place them at risk if the 

intervention is not properly tested in the final 

environment. Studies have reported that the use of mobile 

augmented reality (MAR) in complex environments can 

lead to an increase in cognitive burden, such that 

important cues from the actual environment could be 

missed (Doswell and Skinner 2014, Abbas et al. 2020). 

This is of particular concern in a construction site where 

spatial and situational awareness is critical for site safety 

(S5). In an experiment, Abbas et al. (2020) found that 

rebar-drawing information provided by superimposed 

computer imagery helped to reduce their users’ cognitive 

load in a ‘clean’ environment, compared to a paper-based 

(control) group. The paper-based control group took 

longer but were able to identify more errors than those 

using MAR technology due to the perception issues 

associated with MAR systems. Head-mounted MAR was 

found to decrease the users understanding of the 

surrounding environment and increase the inspection task 

completion times, not only compared to the control group 

but also compared to a tablet-based MAR test group. 

Overall, the two main existing modalities of MAR-based 

inspection were found to negatively affect cognitive load, 

task performance and situational awareness (Abbas et al. 

2020). The phenomenon of simulation sickness, a subset 

of motion sickness, must also be considered when 

proposing a MAR system for head-mounted MAR 

devices. The choice of hardware (central processing unit, 

graphics processing unit and display performance) and the 

visual set-up (refresh rate, field of view and flicker) can 

impact the likelihood and severity of simulation sickness 

(Rangelova and Andre 2019). Incorrectly chosen 

hardware can increase the difficulties for users to adapt to 

new technology. 

Kerai et al. (2020) found that when adapting to new 

technologies the three greatest difficulties of construction 

workers were: adapting to computers; a lack of motivation 

to accept new technology; and the way technology affects 
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the interaction of workers in the industry. Construction 

managers rated the top three challenges of adapting to 

new technology as: poor worker attitude towards 

technology; resistance from staff to changes; and issues 

with using all the properties of new software (ibid.). The 

potential test groups easily available in an academic 

research environment (students and early career 

researchers) are unlikely to have the same difficulties. As 

an industry, construction is slow on the uptake of new 

technology and will rarely invest in new technology if the 

value is not clearly demonstratable (Heinzel et al. 2017). 

Frustration when technology does not do what is 

expected, or the user cannot figure out how to operate the 

system, can contribute towards barriers to uptake and 

communication. 

Communication barriers are frequent on construction sites 

and pose risks to the workers’ safety. Approximately 10% 

of the UK construction workforce are non-UK nationals 

(ONS 2018). This is highlighted by Health and Safety 

data; data from Australia, the US and the UK has found 

that the injury rate of migrant workers is twice that of local 

workers (Oswald et al. 2015). Hare et al. (2013) 

highlighted the issue of understanding following on from 

Halverson’s (2003) study that training did not reduce 

accident rates among non-English speaking workers. If 

simple safety messages cannot be communicated, it can 

only be expected that the more complex technical 

messages will also get lost in translation. There are 

technological solutions to the communication barriers 

surrounding technical issues, such as neural machine 

translation engines or machine translation engines that use 

deep learning and feature extraction to provide low error 

and semantically correct language translations (Burlot 

and Yvon 2017, Du 2019). However, these solutions do 

not address the communication of visual cues and context 

that can be necessary. Miscommunication increases the 

likelihood of errors, increasing the number of change 

orders issued and impacting project success. The 

inclusion of technologies into construction sites and 

prefabrication facilities bring opportunities to increase the 

overall worker safety while also decreasing the 

unnecessary cost, time, and material wastage on projects. 

Gaps In Knowledge 

Through the literature review into current practice of 

steel-fixing and its associated difficulties, the following 

gaps in knowledge were identified: 

• an understanding of the actual current state of 

practice for the off-site prefabrication of steel-

fixing; 

• the user requirements of off-site steel-fixing; and 

• the best introduction methods for, response to and 

uptake rates of new technology in the UK off-site 

steel-fixing and prefabrication of reinforced 

concrete industry. 

This work will address the first two gaps. 

 
1 In the participant information sheet and consent form made available 

to companies prior to taking part in this research, company and individual 

Methodology 

BS EN ISO 9241-210:2019, the British Standard for 

human-centred for interactive systems, highlights the 

importance of understanding the context of use and 

analysing existing or similar systems as a method of 

revealing the constraints, needs and problems that may 

otherwise be missed but which still need to be addressed. 

To achieve this under the constraints of a global pandemic 

and varying levels of travel restrictions, video footage 

taken during 2015/16 at an off-site reinforced concrete 

prefabrication facility (henceforth referred to as Site 1) as 

part of a previous research project was used as an initial 

means of observation, and later supplemented with in-

person site visits to two further prefabrication facilities 

(Sites 2 and 3). The three companies observed as part of 

this project include the UK’s largest manufacturer and 

supplier of precast concrete solutions, one of the most 

recognised names in construction, and the fastest growing 

reinforcing steel fabricator in the UK and Ireland 

(according to their company websites and industry 

publications1). By sampling these three sites, a 

sufficiently detailed understanding of the industry and 

task of off-site steel fixing could be made for the purpose 

of identifying the requirements to digitally enable off-site 

fabrication. 

I undertook a workflow analysis to both understand and 

specify the context of use (integrify 2021), the results of 

which are presented through process-mapping. The site 

visits were done to confirm the relevancy and usefulness 

of the video observations. The site visits also enabled the 

characteristics of the environment to be directly observed, 

including the way the wider environment interacts with 

the task. Six workers were observed assembling a total of 

three cages from start to finish at Site 1. A combined total 

of ten workers were observed at Sites 2 and 3 assembling 

a total of seven cages, and a further six industry experts 

from across the two latter sites were interviewed. The six 

industry experts comprised of a steel-fixing foreman, two 

desk-based managers at one of the sites, a steel-fixer 

primarily working on the cutting and bending of rebar, a 

steel-fixing research and development engineer for one of 

the sites, and a project director with extensive hands-on 

experience working in all the off-site steel-fixing and 

ancillary roles. 

Multiple workers were observed showing the same 

behaviours, which were then corroborated through the 

interviews, and the combined data set (observations and 

interview data) was analysed with the inductive 

qualitative analysis methodology (Thomas 2003). 

Generalisability is possible on the basis of theory building 

(Falk and Guenther 2006) by observing and analysing 

data from three distinct sites, and therefore populations.  

The interviews were semi-structured in nature and the 

questions were derived from the observations made of 

Site 1. The questions sought to understand motivations 

behind the observed practices, to answer the ‘why’ 

worker anonymity was assured. If required the exact citations can be made 

available upon request to the author, subject to company authorisation. 
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question posed for each observed step in a workflow 

analysis (integrify 2021), and to corroborate the findings 

from the state of practice and research literature reviews. 

The interviews took between 30 minutes to 2.5 hours 

depending on the range of steel-fixing experience and 

process oversight the interviewee had. The questions were 

originally written with a target group of interviewees who 

are practicing steel-fixers. Due to the difficulties in 

getting interviews with steel-fixers, the questions were 

then adapted to the available industry experts from Sites 

2 and 3. This included the removal of interviewee 

irrelevant questions, and the simplification of language 

where necessary because of language barriers. 

The user- and other stakeholder-needs were then 

identified from the context of use, the characteristics of 

the environment and the standards and guidelines 

governing the steel reinforcement and reinforced concrete 

industry in the UK. 

Site Observations 

Though the three sites differed in some of their detailed 

procedures, a common method was observed across all 

three sites (see Figure 1). 

Initially upon receiving a design file, typically an IFC or 

PDF file (W1.1), the company/site will look at the 

structure to determine whether it can be built as a single 

large entity or will need to be broken down into sub-units. 

In the context of off-site fabrication, the size of structure 

or reinforcement unit that can be transported to the end 

destination site via either road or rail, often determines 

whether a reinforcement cage needs to be broken down. 

The design file is then used to generate the schedules and 

workshop drawings for the workers (W1.2). Even if sites 

do not cut and bend their own steel (though two of the 

three sites observed expressed a clear preference to do so), 

a bar schedule is useful as it details the reinforcement 

bars’ types and dimensions given in the workshop 

drawing (W1.4). 

At Site 2 it was observed when cutting and bending the 

steel, that the shapes on the system often had to be 

manually adjusted to take account of the real-world 

behaviour of steel (W4). Figure 2 shows a comparison of 

a real-world bar and the adjusted computer model of the 

bar needed to achieve that bar. The worker operating the 

machine would manufacture a few bars and adjust the 

model manually by altering the lengths and angles until 

the bars are manufactured to the original schedule. 

The workers were observed manually lifting and 

arranging temporary scaffolding supports to prepare the 

work area (W2.5) at Sites 1 and 2; whereas at Site 3 large, 

specialised scaffolding rigs would be fabricated and lifted 

via crane. Workers were seen to create “kit boxes”, boxes 

or bins with all the rebar needed to fabricate a specific 

reinforcement cage to enable the efficient assembly of 

reinforcement cages. The kit box was placed in an easy 

access position in the vicinity of the work area as a final 

step prior starting the fabrication of the cage. The use of a 

kit box reduces the amount of time workers were spending 

searching for and fetching bars (W1.5). 

Workers were observed measuring the intersection points 

onto a reference bar and then using spray paint to transfer 

these measurements onto a few bars that were then placed 

intermittently along the length of the reinforcement cage 

(W1.3) in order to reduce the time spent making 

measurements while steel-fixing. The reinforcement cage 

is then “framed”, which is the process of creating a stable 

structure with the minimum number of fixed points. Site 

3 chose to use knips to fix the frame over automatic rebar 

tying guns as the observed strength of ties done with a 

rebar gun were deemed insufficient to create a stable 

frame. Bars frequently were observed being pulled into 

position due to the real-world aspects of steel, such as 

deviations and misalignments (W4).  

The remaining bars are then placed and fixed using either 

rebar guns or knips. The cage is then often welded at 

Figure 1: From the three 

sites combined, the process 

of off-site steel-fixing was 

observed 
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strategic points to ensure it is completely rigid and can 

safely travel to the site without any of the bars shifting or 

coming loose. This is important in the realm of off-site 

fabrication as the fabricated reinforcement cage may need 

to travel significant distances to get to the end destination 

site. Where welding is present the site should be a member 

of the CARES scheme for welded reinforcement and be 

certified to Appendix 6 and Appendix 10 of the scheme 

for the in-house welding of reinforcing bars (W3.2).  

After a reinforcement cage is fabricated and before it is 

transported to either the next stage of the off-site 

manufacturing process or to the end destination site, it is 

necessary for the cage to be checked to ensure there will 

be sufficient concrete cover (W3.4, the minimum distance 

between the exposed concrete face and the internal steel 

reinforcement surface or element). This may include the 

cutting of reinforcement bars and/or flattening of metal 

ties (W3.5). Additionally, the cage will be checked 

against the design and quality specifications to ensure that 

the fabricated cage is fit for purpose. All three sites had a 

quality checking process compliant with BS ISO 

9001:2015 (BSI 2021) (W3.1). Using their existing 

processes and specially fabricated scaffolding, Site 3 are 

able to efficiently achieve accuracies of millimetre bar 

placement (W3.3). 

The final stage of the off-site prefabrication of 

reinforcement cages is the transport of the cage to the next 

stage in the off-site production of pre-cast reinforced 

concrete or to the end destination site for the in-situ 

casting of reinforced concrete. Manual lifting of the 

reinforcement cages was observed at two of the three sites 

for smaller reinforcement cages, though mechanical 

lifting systems were preferred. Forklift trucks, overhead 

gantry systems, and cranes were all observed methods of 

lifting. To enable easier placement and tracking of the 

reinforcement cage through to its end destination, all 

cages would be tagged with their name and end 

destination (W1.7). 

At each of the sites the process to clarify information from 

the workshop drawings was observed. This could include 

asking the foreman for clarification or inspecting the 3D 

digital model of the reinforcement cage (W1.6). It was 

noted that even when 3D models were available, steel-

fixers preferred primarily using “traditional” 2D 

workshop drawings due to their inclusion of bar mark 

information (W1.4). 

Context of Use 

It was observed at two of the three sites that workers were 

manually lifting and adjusting the temporary scaffolding 

to fit each specific rebar cage. Where possible, workers 

used the temporary scaffolding to bring the reinforcement 

cage up to waist-height (S4), reducing the amount of 

bending required. The more complex cages with curves or 

non-standard angles are currently assembled at floor-level 

allowing the workers to draw/ mark the design on the floor 

to improve quality. 

From discussions with the site manager, other company 

sites have experienced issues with the accuracy of the 

projection system due to vibrations and deflections to the 

shed structure caused by movements and usage of the 

overhead gantry system. For a spatial measurement or 

projection system to be accurate it will need to be fixed in 

space and isolated from vibrations and deflections of the 

surrounding structures (E6). 

It was observed that workers were relying on paper copies 

of reinforcement drawings which quickly became dirty 

and smudged due to the working environment (E5). 

Construction sites and facilities are rarely clean 

environments by nature and Site 2 was no exception: dirt, 

aerosol paint sprays, oil, steel cutting sparks and welding 

sparks (E1) were all observed within the steel shed. 

The primary language of communication in the steel shed 

was Russian, and except for one British national, only the 

steel shed foreman had more than a very rudimentary 

grasp of English. All communication between 

management and the steel-fixers was translated via the 

foreman. Any solution or system would need to be 

accessible to workers with different preferred languages 

and English abilities (E7). 

Some commonalities were observed across the three sites. 

The workers and steel-fixers were always observed to be 

wearing the appropriate level of PPE for that point across 

the site: including hardhats, safety boots, high visibility 

clothing and ear protection where appropriate (S1, S2, 

S3). Even in the regions where ear-protection was not 

mandated, the environment was noisy (E3) and the author 

struggled to hear spoken conversations. Workers were 

observed to build multiple cages consecutively (E4), and 

over a reported workday from 7am – 7pm (E2), any 

system would need to be functional for prolonged usage 

and across a whole day. 

Figure 2: Comparison of real-world bar (on the right) 

and the adjusted computer model needed to achieve that 

shape at Site 2 (highlighted in red box). 
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User Requirements 

Table 1 summarises the user requirements that were 

derived as part of this study, with the origin of the 

requirements is given throughout the above text for 

purposes of traceability. The user requirements can be 

broadly categorised into three groups. Those pertaining to 

the user’s safety and comfort (SX), the environmental 

conditions (EX) and those that arise specifically due to the 

task (WX). The groupings are based upon the 

commonalities between the different requirements. These 

user requirements can be used as the basis of a designed 

“system” to address the previously identified issues and 

problems with the off-site process. The word “system” is 

used here to describe a possible set of processes, methods 

and/or technological tools that would work in tandem and 

encompass/ address the whole complex. Ignoring one of 

the “necessary” requirements will result in a non-

functional system that either places the user in an unsafe 

situation, does not work for the end use environment or is 

simply not suited to the task. The derived requirements 

also include a number of “desirable” requirements; these 

are requirements that are not essential to the functioning 

system but will improve the overall user-experience if 

met.  

Conclusions 

This work highlights the importance of understanding all 

the user requirements and the context of use prior to 

designing a system. The high degree of replicability in 

general observations and patterns of behaviour across the 

three sites, allows for generalisation of this research to the 

wider off-site steel-fixing industry in the UK (Falk and 

Guenther 2006). Table 1 lists the user requirements that 

need to be met to produce a system that efficiently 

addresses the off-site steel-fixing complex. The absence 

of any necessary requirements will create a system that is 

not safe to use, appropriate to the environment or suited 

to the task at hand. Augmented reality is a potential area 

of research that shows potential as a solution to many of 

the challenges faced in the off-site steel-fixing complex; 

however, this research has identified the importance of 

considering the wider context and environment of use. 

This echoes the findings of Gharbia et al. (2019) and 

Wang et al. (2020) that more research and proposed 

solutions need to be taken beyond the theoretical and 

prototypal stages and tested in the actual end-use 

environments. 

Limitations 

This research has limitations due to multiple barriers. 

These barriers include the challenges involved with 

getting site access to off-site prefabrication environments. 

Due to the global Coronavirus Pandemic, not many 
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prefabrication facilities are open to visitors. Additionally, 

research into construction processes frequently face 

barriers to in situ observations due to issues of site safety. 

The owners and contractors on construction sites in the 

UK have a legal obligation to ensure that everyone on-site 

has undergone the appropriate safety briefings and/or 

have constant supervision. As a result, researcher visits to 

construction sites and facilities places additional burdens 

onto the companies and individuals responsible for the 

sites and can result in researcher visits being declined on 

the grounds of time and cost. 

Company secrets can often be what give one particular 

contractor an edge over their competitors in a very fierce 

industry with narrow profit margins. In order to prevent 

their company secrets becoming public knowledge, Site 3 

restricted the data that could be collected. 

Finally, there were barriers to interviewing the steel-

fixers. As identified by Kerai et al. (2020), construction 

workers and steel-fixers are a technologically averse 

group. Technology that may seem second nature now to 

many during the last year of remote working, is still 

relatively alien to many steel-fixers and it was not 

possible for me to get any steel-fixers to agree to online 

interviews. Conducting interviews in-person faced the 

same issues as site visits, with the additional barrier that 

in order to interview a steel-fixer the company would 

effectively be a person down for the duration of the 

interviews. There was an additional language barrier issue 

that I was not explicitly informed of prior to the visit to 

Site 2 visit. For the above reasons, this study relied 

primarily on observations made of the workers supported 

by discussions with the 6 industry experts. 
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Abstract
As-is building models are becoming increasingly common
in the Architecture, Engineering, and Construction indus-
try, with many stakeholders requesting this information
throughout the lifecycle of a building. Devices equipped
with RGB cameras and depth sensors being readily avail-
able simplifies the task of capturing and reconstructing an
environment (scene) as a spatial 3D mesh or point cloud.
However, the task of converting this purely geometric infor-
mation to a semantically meaningful as-is building model
is non-trivial. State-of-the-art practice follows a first step
of acquiring the spatial 3D mesh on site and subsequently
resorts in manual or assisted semantic labeling in the of-
fice, where experts often have to work for many hours using
non-intuitive and error-prone tools. To address this inef-
ficiency, we develop HoloLabel, an Augmented Reality
application on HoloLens that allows users to directly and
on-site annotate a scene in 3D with rich semantic informa-
tion while simultaneously capturing its spatial 3D mesh.
Our tool follows a user-in-the-loop protocol to perform the
task of 3D semantic segmentation, i.e., each face of the
3D mesh should be annotated with a semantic label. We
leverage the HoloLens’s Spatial Mapping feature and build
a 3D mesh of the scene while the user is walking around;
at intervals, we apply an automatic geometry-based seg-
mentation algorithm to generate segmentation proposals.
The user then assigns predefined semantic labels to the
proposals and – if necessary – uses a virtual paintbrush to
refine the proposed segments or create new ones. Finally,
the user has the option to add rich semantic descriptions
(e.g., material, shape, or relationship to another object)
to segments using voice-to-text technology. We aim to
lay the groundwork to leverage upcoming mixed reality
devices for intuitive synchronous as-is semantic building
model generation directly in the real world.

Introduction
In recent years, the Architecture, Engineering, and Con-
struction (AEC) industry is exploring ways to acquire faster
and more accurately as-is information about the built en-
vironment. In several countries, as-is building models are
becoming a requirement (e.g., USA (Administration 2022)
and United Kingdom (Blackwell 2012)) and stakeholders
are requesting this information throughout the lifecycle
of a building to perform several downstream tasks (e.g.,
facility management or for renovation purposes).
State-of-the-art practice for creating an as-is building
model consists of two steps: (i) 3D reconstruction, where
the environment’s 3D geometry is captured on site as a
3D spatial mesh or point cloud with a sensing device,

* Both authors contributed equally

such as a laser scanner or an RGB-D camera; and (ii) se-
mantic modeling, where - given the previous output - the
user provides semantic information about the 3D geome-
try. Recent advancements in capturing systems allow for
a faster and increasingly accurate 3D geometric represen-
tation of the environment (scene) with the use of easily
portable devices, such as those that are handheld (e.g.,
Kaarta and Leika BLK2GO) or in backpacks (e.g., NavVis
VLX and Leica Pegasus). Such devices can provide a 3D
reconstruction of a large-scale, highly cluttered, and highly
partitioned space in 1/10 of the time when compared to tra-
ditional tripod-based systems1.
However, the step of semantic modeling has not seen sim-
ilar progress. After capturing the environment, the user
is required to return to the office and use specialized 3D
software in order to create the as-is building model. This
process is performed primarily by trained experts using a
2D screen and can take several hours for a single room
(Nguyen et al. 2016), which is non-trivial in terms of labor
time and costs (Brilakis et al. 2010, Woo et al. 2010, Jung
et al. 2014). Extensive literature exists on automating this
step that explores fully automatic semantic segmentation
of 3D spatial data (e.g., (Tchapmi et al. 2017, Choy et al.
2019, Qi et al. 2017)). However, these approaches are
neither accurate nor flexible enough for the AEC industry
requirements. To meet these requirements, a user-in-the-
loop approach is more appropriate (e.g., (Dai et al. 2017,
Armeni et al. 2019, Wong et al. 2014)), since it allows to
leverage the most out of automation while addressing ac-
curacy concerns with user participation. However, despite
addressing issues of accuracy and flexibility, the labeling
process is still disjoint and offline from the data captur-
ing step, introducing inefficiencies in the building model
generation pipeline (e.g., when on-site one can make faster
decisions on semantic labels). A more intuitive approach is
to perform the capturing and labeling steps synchronously
while on-site.
Augmented Reality (AR) technology, such as the Mi-
crosoft HoloLens (Microsoft 2022a), provides a technical
platform to implement such an online capturing and la-
beling tool where the user is localized in the scene and
can simultaneously capture, segment, and label the 3D
spatial data in a natural and interactive method. The fi-
nal semantically augmented data, once exported from the
live annotation session, would require only minimal addi-
tional processing. The HoloLens comes with the built-in
functionality for capturing and reconstructing spatial 3D
meshes. Additional libraries, such as the Mixed Reality
Toolkit (MRTK) (Microsoft 2022d), offer capabilities to

1This is an empirical finding of the authors after performing several
experiments with a variety of devices.
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Segmentation: 
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(b)
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User Corrections 

(c)

Descriptions 
(d)

Export 
(e)
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Figure 1: User Workflow: When the user enters a new room, (a) we first reconstruct the 3D scene. Next, (b) the scene mesh is sent to a
Python server for automatic segmentation. The user then (c) processes these segmentation proposals using a virtual brush. Finally,
the user can (d) add richer semantic descriptions into the scene using a voice-to-text tool. The user can then proceed with the next

room or export the annotations.

develop interactive augmented user interfaces.
In this work, we introduce the HoloLabel, an AR 3D
scene semantic labeling tool with which non-expert users
can directly annotate the semantic information of a scene
on-site while simultaneously capturing its spatial infor-
mation. Initially, the continuously captured 3D mesh of
the room is automatically segmented into smaller geomet-
rically meaningful segments (segmentation proposals) in
the background, using a remote Python server. Once com-
plete, users can assign semantic labels to these segments
and – if necessary – they can edit the proposals with in-
tuitive hand gestures using a virtual painting tool. Richer
semantic descriptions (e.g., material, shape, and color) can
be optionally added via a voice-to-text tool and assigned
to segments using a virtual pin. After capturing the scene,
the semantic annotations and the 3D mesh are exported for
downstream tasks.
The contributions of this paper can be summarized as:

• We develop a gesture-based HoloLens application for
on-site and online user-in-the-loop 3D semantic scene
reconstruction and labeling.

• We allow to easily customize semantic descriptions
using the HoloLens voice-to-text feature and place
description pins on the 3D mesh of the scene.

• We evaluate the efficiency and efficacy of the tool in
a small-scale user study.

Related Work
Semantic Annotation Tools for 3D environments
There exists a variety of semantic annotation tools for 2D
and 3D data, however a detailed review is outside the scope
of this paper. Here, we focus on the following two aspects
of 3D data annotation systems.

Automation & User-in-the-loop

Several works perform a first step of high-level segmen-
tation to streamline the annotation process. Wong et al.
(2014) developed the SmartAnnotator, a semi-automated
pipeline for labeling RGBD images. A learning system
proposes semantic labels on which human annotators in
the loop provide feedback. The system can also improve
its abilities incrementally through learning from previously
labeled scenes as priors. Armeni et al. (2019) employ a
pretrained 2D instance segmentation network to provide

initial proposals on RGB images that are automatically
aggregated on the underlying 3D mesh. Users are then
asked to verify and edit the aggregation results on 2D
images. Nguyen et al. (2021) begin with automatically
detecting 3D bounding boxes in LiDAR point clouds and
include a user-in-the-loop component to identify missing
annotations with a single click. Others employ lower-level
automation to accelerate annotations. Dai et al. (2017) pro-
pose such a system, where a web-interface is used for the
manual annotation of 3D mesh models of indoor spaces.
Specifically, it begins with an over-segmentation of the
scene using a graph-cut based approach and users are then
prompted to label these segments with the goal of 3D ob-
ject instance segmentation. Nguyen et al. (2016) has a
similar starting point; the resulting over-segments are fur-
ther grouped into larger regions based on geometry and
appearance cues. These regions are edited by users to
get the final object semantic annotations. Russell & Tor-
ralba (2009) employ object segmentation masks and labels
from 2D annotations to automatically recover the 3D scene
geometry. We follow a similar setup of an automated low-
level initial segmentation, followed by a user-in-the-loop
approach for refinement and semantic annotation.

Virtual & Augmented Reality Systems
The above methods are restricted on a traditional 2D inter-
action setting. However, semantic annotation tools have
also been developed as applications in virtual and aug-
mented reality. Miksik et al. (2015) use a laser pointer as
an AR paintbrush to allow user-defined outdoor scene seg-
mentation. Saran et al. (2018) create an iOS application for
simultaneous scanning and user-defined bounding box an-
notation. Ramirez et al. (2019) take a creative approach by
gamifying scene labeling as a first-person shooting game.
Spiekermann et al. (2019) focus on semantic annotation
of text in 3D and place users in a virtual reality headset
to perform annotation through simple gestures and textual
descriptions. Zingsheim et al. (2021) present a collabora-
tive labeling system in virtual reality, where remote users
provide sparse annotations on the 3D mesh.
There is a gap concerning annotation tools that use market-
available AR headsets such as the Microsoft HoloLens,
which is increasingly used by developers and profession-
als. The advantage of an AR headset is that the annotator
can interact with the 3D scene in a more intuitive and safe
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manner than through a tablet or phone. Also the collabora-
tion of Trimble and HoloLens has created an AR hard-hat
that can be used in construction sites (Trimble 2022), hence
increasing the applicability of such a tool in AEC industry
for existing and under construction buildings.

Automatic 3D Segmentation Methods

Automatic 3D segmentation can be categorized in seman-
tic segmentation, which groups a scene into segments that
belong to the same semantic class (e.g., chair or window),
and geometric segmentation, which segments the scene
into segments with similar geometric properties. Many
algorithms perform 3D scene segmentation by process-
ing RGB-D images (Michieli et al. 2019, Guo & Hoiem
2013, Gupta et al. 2013). Other approaches directly seg-
ment 3D visual data, the majority of which operate on
3D point clouds (Poux & Billen 2019, Qi et al. 2017).
Bassier et al. (2020) show that performing segmentation
on mesh-structure and point clouds achieves comparable
results. Despite great progress in this field, the results are
not accurate enough for the AEC industry and the methods
are inherently rigid since they learn to identify a predefined
set of semantic classes. In this work we choose to perform
geometric segmentation, due to the flexibility that offers
to users to adjust the segmentation proposals and assign
their own semantic labels.

HoloLabel
Overview

HoloLabel leverages the advantages of AR devices, and
specifically of HoloLens, to perform 3D scene annota-
tion in the form of semantic segmentation. An overview
of the annotation pipeline is shown in Figure 1: (a) the
user enters the scene and begins reconstructing the 3D
mesh (see Scene Meshing); at intervals, the user performs
the semantic labeling process and begins by (b) triggering
the segmentation algorithm, which automatically proposes
geometrically-meaningful scene segments (see Semantic
Segmentation); (c) the user has to then edit - if needed
- and label these segments. There is the option to as-
sign a semantic category to entire segments or individual
mesh faces through virtual mesh painting (see User-in-the-
Loop Semantic Labeling); (d) further, the user can also add
rich semantic descriptions to segments using voice-to-text
technology (see User-based Descriptions).

User Interface

The user interface is implemented using the HoloLens
hand menu UX pattern (Microsoft 2022b). We chose this
pattern since it gives the user the ability to quickly pull up
and hide the menu from anywhere in the scene by raising
and lowering their palm. The menu, shown in Figure 2,
is split into three main components: central menu, label
menu, and dictation panel. We list their features below
and provide more details in subsequent sections.

Central Menu
The central menu is the core controller of the HoloLabel
application and has the following functions:

Update Scene: Requests a scene mesh reconstruction
update from the HoloLens (Scene Meshing).

Auto Segment: Sends the reconstructed scene mesh
to a remote Python server for automatic segmentation
into proposals (Semantic Segmentation).

Undo: Reverts recent history of the segmented mesh,
including any virtual segment painting and pins.

Editing Modes:
Labeling Mode: Allows the creation and placement of
description pins (User-based Descriptions).
Face Drawing Mode: Allows face-level painting
(User-in-the-Loop Semantic Labeling).
Segment Drawing Mode: Allows segment-level paint-
ing (User-in-the-Loop Semantic Labeling).

Label (in labeling mode): Creates description pins
using one of three options (User-based Descriptions).

Toggle Label Menu: Hides/Shows the label menu.
Toggle Mesh: Hides/Shows the wireframe mesh.

Export Labels: Exports the final annotated 3D mesh
to the remote Python server (Export).

IP: Edits the IP address of the remote Python server.

Figure 2: The user interface is split into three main
components: the central menu that controls the HoloLabel
application, the label menu that allows to select and change

classes while in editing mode, and the dictation panel that can
assign rich descriptions.

Label Menu
This menu contains a list of predefined semantic object
categories supported by HoloLabel. Although the user
has the option to define on the spot new categories, an
existing library can facilitate and speed-up the process.
We focus on categories like wall, floor, and ceiling, as
well as major furniture categories (e.g., table, chair, and
couch). When the annotation process starts, the user enters
editing mode and selects an object category from the menu.
Depending on whether the segment- or face- drawing mode
is enabled, the specified object category will be assigned to
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the user-pinpointed segment or face. Each object category
is associated with a unique RGB color which is visualized
on the mesh when a segment or face receives this label. In
this way the user can keep track of which parts of the scene
have been annotated and which require further processing.

Dictation Panel

The dictation panel is used in labeling mode and allows
the user to record and attach rich descriptions to pins. It
can also be used to attach a semantic label not included in
the predefined label menu.

Scene Meshing

The HoloLens automatically reconstructs a 3D surface
mesh of a scene through Spatial Mapping (Microsoft
2022c), hereby referred to as HoloLens mesh. This surface
mesh is updated dynamically, i.e., not only are new parts
added but existing parts of the mesh can change over time.
For our setting this is highly impractical, since annotated
parts of the mesh should not change anymore. For this rea-
son, we store on the device an independent 3D mesh repre-
sentation of the reconstruction (scene mesh) that builds on
top of the Spatial Mapping output. When reconstructing
a scene, we actively display the HoloLens mesh using a
wireframe shader to provide the user with visual feedback
on the reconstruction progress (Figure 3b). Once a user
has reconstructed a room or a portion of it and is ready to
annotate it, the scene mesh is updated based on the current
HoloLens mesh. This is triggered by the Update Scene
button in the menu. The scene mesh is rendered densely
and will not change anymore, so that the user can safely
annotate it (Figure 3c). The above process is simple for
the first scene update since the scene mesh is still empty.
However, after the second update, we need to decide which
parts of the HoloLens mesh are scene additions, which we
have to add to our scene mesh, or scene changes, which
we have to ignore in favor of keeping the existing parts in
the scene mesh unaltered. We perform this by checking
for every face in the HoloLens mesh if it is already present
in the scene mesh using ray casting. Details on this are
shown in Algorithm 1.

Algorithm 1 Scene Mesh Update
input scene mesh: the current state of the scene
input HoloLens mesh: new surface scan
output updated scene mesh
for all faces f ∈ HoloLens mesh do

n← normal of f
v1,v2,v3← vertices of f
m← 1

3 (v1 + v2 + v3)
r← Ray{origin : m+ τ ·n, direction :−n}
if not (r intersects scene mesh) then

add f ,v1,v2,v3 to scene mesh
end if

end for

(a) (b) (c)
Figure 3: (a) Real world scene; (b) HoloLens mesh projected

on the display; (c) Scene mesh stored independently.

Semantic Segmentation
Following the scene update, the user can proceed with
the annotation process. To speed up this stage, the ap-
plication contains an automatic geometric segmentation
option that will provide the user with segmentation pro-
posals. Once the user requests segmentation proposals
via the central menu, the scene mesh is sent to a remote
Python server, where automatic geometric segmentation
is performed. The user can also proceed without this step
and directly start annotating the mesh by selecting with
intuitive hand gestures (drawing stroke) mesh faces that
belong to the selected semantic class. In the following, a
segment refers to either one of the proposals generated by
the automatic segmentation algorithm or to a single draw-
ing stroke made by the user. Both kinds of segments are
considered equivalent for all other computations.
Automatic Generation of Segmentation Proposals
The automatic geometric segmentation pipeline is de-
scribed in Figure 4. We first sample the mesh to obtain
a point cloud representation, which yields more flexibility
in the choice of segmentation algorithm. To perform ge-
ometric segmentation, we use a combination of RANSAC
(Fischler & Bolles 1981) to identify planar segments and
the euclidean clustering Density-Based Spatial Clustering
(DBSCAN, (Kriegel et al. 2011)) to identify remaining
segments of spatially contiguous groups of points. We
make sure to track which faces of the mesh belong to
which segment, to later convert the point cloud segmenta-
tion back to a mesh representation. The maximum number
of segments is chosen dynamically depending on the mesh
size following Equation (1), where the denominator con-
stant is chosen through manual tuning. We err on the side
of an over-segmentation rather than an under-segmentation
regime, as it is easier for users to join together small seg-
ments than to divide larger ones. The computational com-
plexity is O(N×O(RANSAC)), where:

N = number of mesh vertices/800 (1)

After segmenting the sampled point cloud, we project the
segmentation results back to the mesh. To identify the final
segment to which a face belongs we use majority voting
according to Equation (2), where si is the segment of face
fi, p j ∈ fi means that point p j has been sampled from face
fi and s(p j) is the segment assigned to point p j. In other
words, for each face we consider all the points sampled
from it and assign the segment to which the majority of
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(a) Input Mesh (b) Sampled Point Cloud (c) Automatic Segmentation
Results

(d) Final Segmented Mesh

Figure 4: Segmentation Pipeline: Given an input mesh (a), we first sample a point cloud (b). This point cloud is segmented (c) as
described in Automatic Generation of Segmentation Proposals and the results, after being consolidated back on the mesh, are returned

on the HoloLens (d). Note that different colors in (c) and (d) denote different segments.

those points belong.

si = argmaxk

(
∑

j:p j∈ fi

I [s(p j) = k]

)
(2)

The segmented mesh is then returned to the HoloLens.

User-in-the-Loop Semantic Labeling
Once the segmentation proposals are received, the user
can accept and/or adapt them using the HoloLabel virtual
painting features. More concretely, if the proposal consists
of mesh faces that belong to one semantic category, the user
can directly assign that category using the segment-level
painting function. If, however, the proposal erroneously
contains faces from multiple categories, the user can use
the face-level painting function to manually override and
create new segments. The user can switch between the
modes from the central menu (Figure 2).
Segment-level painting The automatic segmentation
proposals are meant to facilitate and speed-up the drawing
process. To do so, we automatically segment the scene
such that each scene object can be composed of multiple
segments. This means that the user may have to paint mul-
tiple segment proposals per object until the whole object is
segmented. This however ensures that automatically gen-
erated segments are less likely to bleed into neighboring
objects, thus minimizing the need for face-level painting.
When the user enters the segment drawing mode, we use
the MRTK hand ray pointer as a virtual paintbrush. In
every frame we detect whether the user is currently pinch-
ing (i.e., the index finger and thumb are touching), which
indicates that the user would like to paint at the current
position. We then intersect the hand ray with the scene
mesh, which gives us the mesh face at which the user is
pointing. If this face belongs to a segment proposal, we
assign the selected semantic category to all vertices of the
segment. Otherwise, the pinch for this face gets ignored.
Face-level painting This feature consists of assigning
semantic categories to individual faces. It can be used for
manual segmentation due to the automatic segmentation
proposals being either incorrect or not available. When
the user enters face drawing mode, we follow a similar
approach to above. However, instead of searching for the
segment ID, we are overriding it (or setting it from scratch
if non-existent). Segments are created with a single stroke,

which begins when the user starts pinching and ends when
the pinch is released.

User-based Descriptions
Since choosing from a list of labels might end up being re-
strictive to the multitude of semantic categories that exist,
our tool provides the option to place virtual pins (Figure 5)
on the 3D mesh. Using voice-to-text technology the user
can provide rich semantic descriptions or a semantic label
that is not available in the label menu. The user can choose
from three methods to place the pin: magnetic, head, and
manual (see third row of the central menu in Figure 2)2.
Magnetic and head options use the MRTK’s Surface Mag-
netism Solver (Microsoft 2022g), which performs a ray
cast along the hand-ray or head-direction respectively, and
places the pin at the intersection point with the scene mesh.
The third, manual, option uses the Object Manipulator
Script (Microsoft 2022f) and allows the pin to be selected,
rotated, and moved with pinching motions.
The user can attach a description to each placed pin. This
is achieved using the dictation panel (shown on the bottom
right of Figure 2). With a pin selected, the user can record a
verbal description. The spoken words are translated to text
using MRTK’s off-the-shelf dictation handler (Microsoft
2022e). The text is stored along with the pin. Upon export,
each pin and its corresponding description are mapped to
the closest segment.

Figure 5: Example of an empty description pin

Export
The following files can be exported by sending the scene
mesh and semantic annotations to the Python server:

• A wavefront file (.obj) of the scene mesh with per-
vertex colors for easy visualization.

• A list of created pins, containing their 3D position
and assigned description.

2We perform an evaluation on pin options in the user study.
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(a) RGB image of the room. (b) Ground truth mesh annotation with labels.
Figure 6: A view in the scene and the corresponding ground truth as obtained from the 3D mesh.

• A list of all scene mesh vertices, containing their 3D
position, semantic class, and segment ID.

• A list of segments, containing segment ID, class, and
assigned description.

To generate the last one, we need to map each description
pin to a segment. This is done by mapping the 3D location
of the pin to its closest vertex and subsequently identifying
the segment to which this vertex belongs.

Experiments
In this section, we evaluate the efficiency of HoloLabel’s
interface design and the accuracy of the as-is seman-
tic information in a limited user study. We recruited 4
non-expert users with limited or no experience with the
HoloLens to try our tool in a standardized indoor scene.
The environment is an open kitchen and living room, fea-
turing objects such as a table, chairs, a couch, counters,
cabinets, a refrigerator, and an oven. Prior to the study,
we used our tool to generate an initial ground truth seg-
mentation of the room. This initial ground truth was
at-places noisy and needed offline post-processing. The
post-processing took 15 minutes compared to the initial
collection which took 12 minutes. Annotating the same
scene in a fully manual way took 50 minutes (it does not
include the time required for reconstruction) vs 27 minutes
with the HoloLabel and refinement step (this includes the
reconstruction time). The processed ground truth is shown
in Figure 6.
The users are given an overview of the task and introduced
to our tool via a video tutorial, which shows the key features
of the interface and demonstrates an example of a simple
room segmentation. The environment shown in the tutorial
is different from the test environment, so the users are
encouraged to generalize what they learned to different
room geometries and furnishings. Once familiarized with
the list of semantic categories, the users are instructed to
segment the semantically distinct structures of the room
to the best of their abilities, keeping in mind to be precise
with segmentation boundaries and semantic classes.
We record the total annotation time per trial (Table 1). The
average time is nearly 14 minutes, which is slightly above
the time it took our team to create the initial ground truth.

Table 1: Annotation time, SUS score, and level of experience
with the HoloLens.

Participant Time SUS Score Experience

# 1 19:36 50 None

# 2 7:22 63.89 Limited

# 3 12:05 44.44 Limited

# 4 16:34 86.11 None

Average 13:54 61.11 -

Participants #2 and #3 – who self-reported having previous
experience using the HoloLens – were able to complete
the task faster. This is corroborated with our qualitative
observation that they were able to adapt to the gesture
controls faster and operated more independently compared
to participants #1 and #4. We note the following limitations
that hindered the progress of most or all participants:

• Sensitivity of the pinch detection was too high. Seg-
ments were unintentionally painted wrongly while in
Segment Drawing Mode which took extra time to fix.

• The colored mesh segments sometimes did not render
well through the HoloLens display, so participants
could not see the color/label of the segments.

• Participants mistook the underlying blue wireframe
HoloLens mesh as the mesh generated by the auto-
matic segmentation algorithm, and thus wasted time
trying to annotate it.

The exported mesh, segments, and labels were analyzed
offline using standard 3D segmentation metrics: Overall
Accuracy (OAcc) and Intersection over Union (IoU) (He
et al. 2021). OAcc represents the number of correctly clas-
sified samples, computed at both the class level and scene
level. IoU is a semantic segmentation metric that computes
the ratio of true positive samples over the union of the pre-
dicted positives and all positive samples. We first consider
that a sample should be a vertex in the mesh, but soon dis-
covered that this disproportionately weighs the areas with
higher detail more, as smooth flat surfaces are comprised
of fewer vertices than edges and corners. Thus for each
vertex, we compute the area-weighted vertex value, which
is the average area of the surrounding faces that the vertex
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Table 2: OAcc and IoU metrics for study participants and an expert user.

OAcc IoU

Participant #1 #2 #3 #4 Expert #1 #2 #3 #4 Expert

FLOOR 15.61 84.33 88.12 86.78 94.16 13.76 73.16 73.42 61.97 86.67

CEILING 0.00 97.55 87.56 88.21 98.17 0.00 76.58 72.44 78.95 95.38

WALL 15.13 25.67 31.01 18.55 49.00 13.81 24.43 26.97 16.74 47.83

COUCH 44.31 1.12 30.57 76.25 83.19 32.96 1.10 29.67 35.89 52.12

CHAIR 0.00 0.00 27.02 0.00 24.12 0.00 0.00 8.12 0.00 23.57

TABLE 51.40 13.66 46.12 26.91 62.00 3.59 11.74 24.10 25.11 45.79

COUNTER 28.60 0.00 0.00 0.04 78.15 12.28 0.00 0.00 0.04 64.44

REFRIGERATOR 0.00 61.72 40.21 98.35 91.26 0.00 36.49 21.13 52.86 85.63

OVEN 0.00 20.08 0.00 1.06 50.50 0.00 10.12 0.00 0.32 29.96

CABINET 0.00 0.00 33.44 16.86 50.91 0.00 0.00 25.04 14.79 44.93

UNLABLLED 46.14 68.60 34.07 45.73 98.88 6.06 5.72 5.07 5.78 10.79

Avg over # classes 16.77 31.06 34.84 38.23 65.03 6.87 19.94 23.83 24.37 48.93

Avg over # vertices 13.50 51.54 55.94 49.83 73.59 - - - - -

belongs to. As a result, vertices that compose larger faces
will have more weight in the computation.
Since the HoloLens coordinate system can drift signifi-
cantly between trials in the world coordinate system, we
first register the participant annotated meshes to the ground
truth by manually aligning them to the ground truth mesh
and applying Iterative Closest Point (ICP, (Besl & McKay
1992)) for finetuning the pose. Due to the dynamic na-
ture of the mesh reconstruction in HoloLens, each user’s
scanned mesh can be slightly different from ground truth.
We attempt to eliminate most of the discrepancy by delet-
ing any structures in the user meshes that were not cap-
tured in the ground truth. Then for each vertex in the user
meshes, we search for the closest corresponding labeled
ground truth vertex using a k-d tree. Based on the vertex-
to-vertex mapping, we compute the evaluation metrics per
semantic class, as well as compute the mean value. For
OAcc, we also calculate the percentage of correctly la-
beled vertices overall, to account for imbalanced classes.
The results of the participants, as well as of an expert user
(oracle), are shown in Table 2.
The participant OAcc and IoU scores present low values,
but we identified the following two causes that are not
related to their annotation skill: HoloLens color rendering
issues and inconsistently defined segment boundaries. The
latter occurs if the auto segmentation algorithm performs
inconsistent between trials, or if the user has a tendency
to over-segment or under-segment objects. One example
of this occurrence is the boundary between the floor and
the wall; in some trials it is slightly off the ground instead
of being at the exact edge. While this mistake is not
obvious to the naked eye, it has a significant effect on
accuracy metrics. The remaining painting mistakes can be
attributed to fine-motor control difficulties due to lack of
training and practice, confusion between semantic classes

(i.e. mistaking the counter for a table), time limitations,
and general carelessness where the user was not motivated
to segment everything in the scene.
We can see in Figure 7, showing the best overall user
segmentation from participant #3, that the larger segments
of floor and ceiling are mostly correct, corresponding to
OAcc of 88.12% and 87.56% and IoU of 73.16% and
72.42%, respectively. Some classes like counter and oven
were not attempted to be labelled at all, which leads to a
drop in the class-averaged OAcc. Overall, the proportion
of areas labelled correctly range from 13.50% to 55.94%
across all four participants. We strongly believe that this
can be improved if the participants are given more training
with HoloLabel, as well as more time and encouragement
to make a detailed and accurate segmentation.
As a comparison, we also include the results from an ex-
pert user to show what a realistic upperbound on accuracy
might be. It is noticeable that while the results are sig-
nificantly better, the overall OAcc over all vertices is only
73.59%. More testing would be needed to fully verify the
reason for the discrepancy, but it is likely that the main
contributor is the natural variation between trials. It is not
possible to yield identical results from two trials due to
the stochasticity of the HoloLens generated mesh and the
segmentation algorithm, as well as natural variations in
the manual segmentation. For this reason, the numerical
metrics can be regarded as over-sensitive to HoloLabel.
After concluding the annotation, the users are asked to
fill out a 10-question survey 3 from the System Usability
Scale (SUS, (Brooke et al. 1996)) to gauge the usability
of the interface. The SUS score is an accepted and re-
liable tool for evaluating usability, including factors like
system integration, ease of usage, and learning curve. The

3https://forms.gle/4HawBhuXQdRssSVh8
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(a) Sample of a participant-annotated mesh. (b) Correct (green) and incorrect (red) labels from a sample
participant’s mesh.

Figure 7: Sample of participant segmented mesh and its errors with respect to the ground truth.

maximum achievable score is 100 and the typical average
score is 68. Other VR systems (of purposes unrelated to
scene annotation) scored 72.5 (Butt et al. 2018a), 71.6
(Yépez et al. 2020), and 70 (Butt et al. 2018b). Our SUS
scores are in Table 1, showing an average of 61.11. This
is lower than average, but it can be largely attributed to the
participant’s inexperience with the HoloLens. Optimisti-
cally, we received high scores in the areas of confidence
while using tool, system integration, and system consis-
tency. The lowest scores came from ease of usage, ability
to independently operate, and quickly learnable by oth-
ers, which indicates that the problem is partially shared by
non-familiarity with the HoloLens platform.
As a bonus experiment, we also asked participant #2, who
demonstrated good fluency with the system, to evaluate
the three physical labelling methods — hand magnetism,
head magnetism, and manual placement. They were asked
to place each of the labels to a close-distance target (within
0.5 meter) and a far-distance target (over 2 meters away),
then rate the preferred method for each task. For both tasks,
the participant ranked manual placement first, followed by
head magnetism and then hand magnetism.

Discussion
Limitations: While HoloLabel greatly simplifies the
process of performing scene annotations, there is still room
for improvement. Currently the tool focuses on seman-
tic segmentation, however, an instance segmentation focus
could prove more practical for several AEC tasks. Further-
more, the choice of the automatic segmentation algorithm
was based on performance and simplicity concerns. The
result could be improved, e.g., with the use of learning-
based algorithms such as PointNet (Qi et al. 2017). How-
ever, direct testing on our data did not show improved
performance, which can be attributed to the different data
statistics. To leverage the advantages of such algorithms
would probably require retraining on a dataset that is spe-
cific to our case or employing domain adaptation tech-
niques. In addition, the HoloLens surface reconstruction
suffers from artifacts such as holes, floating hallucinations,
or rough surfaces. At the scene mesh update step, standard
mesh processing could be applied to reduce those artifacts

before the mesh is displayed to the user. This could lead
to an improved user experience and a better final result.
With respect to the user experience, we found that the
pinching motion was often triggered by accident. It re-
quires further investigation to determine if more robust
pinching detection would be possible or if another mo-
tion would be more suitable for HoloLabel. Generally,
we also found that the tool does require some experience
with the HoloLens, and we therefore suggest to have the
user complete a HoloLens training before using the tool.
In terms of user friendliness, investigating adjustments of
the paintbrush to perform the face/segment painting could
decrease the time needed to perform the painting tasks.
Further, some users reported that the segment colors were
not clearly visible from certain angles. This also requires
further investigation and stability improvements.
Future Impact: Given the rapid advancement of Mixed
Reality technologies, applications such as HoloLabel will
be part of the daily activities of AEC professionals. Holo-
Label can be used by architects and surveyors to acquire
the as-is status of an existing space, as well as by construc-
tion project managers to capture the state of a construction
site. It has the capability to decrease communication time
between the site and the office – e.g., the pin functionality
can be also used to attach notes and other information on
the mesh, for documentation or communication purposes.

Conclusion
In this paper, we introduce as semi-automatic tool to allow
generating 3D as-is semantic information of a scene in
an immersive and intuitive manner using the Microsoft
HoloLens. In particular, we combine the steps of scanning
a room and segmenting it, which are usually separated.
This allows users to annotate a room in a single pass,
which eliminates the need for the offline annotation step
required by traditional methods. We demonstrate that the
tool is convenient to use by non-expert on the task users
with little-to-no HoloLens experience. However, our user
study suggests that at least an introductory training should
be completed before starting to use the tool. While the
results look promising, there is room for improvement with
possible improvements present in the Discussion section.

Page 587 of 605



References

Administration, U. G. S. (2022), ‘3d-4d building informa-
tion modeling’. Accessed: 2022-01-26.
URL: https://www.gsa.gov/bim

Armeni, I., He, Z.-Y., Gwak, J., Zamir, A. R., Fischer,
M., Malik, J. & Savarese, S. (2019), 3d scene graph: A
structure for unified semantics, 3d space, and camera,
in ‘Proceedings of the IEEE/CVF International Confer-
ence on Computer Vision’, pp. 5664–5673.

Bassier, M., Vergauwen, M. & Poux, F. (2020), ‘Point
cloud vs. mesh features for building interior classifica-
tion’, Remote Sensing 12(14).
URL: https://www.mdpi.com/2072-4292/12/14/2224

Besl, P. J. & McKay, N. D. (1992), Method for registration
of 3-d shapes, in ‘Sensor fusion IV: control paradigms
and data structures’, Vol. 1611, International Society for
Optics and Photonics, pp. 586–606.

Blackwell, B. (2012), ‘Building information modelling’.
Accessed: 2022-01-26.
URL: https://assets.publishing.service.gov.uk

Brilakis, I., Lourakis, M., Sacks, R., Savarese, S.,
Christodoulou, S., Teizer, J. & Makhmalbaf, A. (2010),
‘Toward automated generation of parametric bims based
on hybrid video and laser scanning data’, Advanced En-
gineering Informatics 24(4), 456–465.

Brooke, J. et al. (1996), ‘Sus-a quick and dirty usability
scale’, Usability evaluation in industry 189(194), 4–7.

Butt, A. L., Kardong-Edgren, S. & Ellertson, A. (2018a),
‘Using game-based virtual reality with haptics for skill
acquisition’, Clinical Simulation in Nursing 16, 25–32.

Butt, A. L., Kardong-Edgren, S. & Ellertson, A. (2018b),
‘Using game-based virtual reality with haptics for skill
acquisition’, Clinical Simulation in Nursing 16, 25–32.

Choy, C., Gwak, J. & Savarese, S. (2019), 4d spatio-
temporal convnets: Minkowski convolutional neural
networks, in ‘Proceedings of the IEEE/CVF Confer-
ence on Computer Vision and Pattern Recognition’,
pp. 3075–3084.

Dai, A., Chang, A. X., Savva, M., Halber, M., Funkhouser,
T. & Nießner, M. (2017), Scannet: Richly-annotated
3d reconstructions of indoor scenes, in ‘Proceedings of
the IEEE conference on computer vision and pattern
recognition’, pp. 5828–5839.

Fischler, M. A. & Bolles, R. C. (1981), ‘Random sample
consensus: a paradigm for model fitting with appli-
cations to image analysis and automated cartography’,
Communications of the ACM 24(6), 381–395.

Guo, R. & Hoiem, D. (2013), Support surface prediction
in indoor scenes, in ‘Proceedings - 2013 IEEE Inter-
national Conference on Computer Vision, ICCV 2013’,
Proceedings of the IEEE International Conference on
Computer Vision, Institute of Electrical and Electronics
Engineers Inc., United States, pp. 2144–2151. 2013 14th
IEEE International Conference on Computer Vision,
ICCV 2013 ; Conference date: 01-12-2013 Through
08-12-2013.

Gupta, S., Arbelaez, P. & Malik, J. (2013), Perceptual
organization and recognition of indoor scenes from rgb-
d images, in ‘Computer Vision and Pattern Recognition
(CVPR), 2013 IEEE Conference on’.

He, Y., Yu, H., Liu, X., Yang, Z., Sun, W., Wang, Y., Fu,
Q., Zou, Y. & Mian, A. (2021), ‘Deep learning based
3d segmentation: A survey’, CoRR abs/2103.05423.
URL: https://arxiv.org/abs/2103.05423

Jung, J., Hong, S., Jeong, S., Kim, S., Cho, H., Hong, S. &
Heo, J. (2014), ‘Productive modeling for development of
as-built bim of existing indoor structures’, Automation
in Construction 42, 68–77.

Kriegel, H.-P., Kröger, P., Sander, J. & Zimek, A.
(2011), ‘Density-based clustering’, Wiley Interdisci-
plinary Reviews: Data Mining and Knowledge Discov-
ery 1(3), 231–240.

Michieli, U., Camporese, M., Agiollo, A., Pagnutti, G. &
Zanuttigh, P. (2019), Region merging driven by deep
learning for rgb-d segmentation and labeling, in ‘Pro-
ceedings of the 13th International Conference on Dis-
tributed Smart Cameras’, ICDSC 2019, Association for
Computing Machinery, New York, NY, USA.
URL: https://doi.org/10.1145/3349801.3349810

Microsoft (2022a), ‘Microsoft hololens 2’. Accessed:
2022-01-26.
URL: https://www.microsoft.com/en-us/hololens

Microsoft (2022b), ‘Mixed-reality: Hand menu’. Ac-
cessed: 2022-01-26.
URL: https://docs.microsoft.com/en-
us/windows/mixed-reality/design/hand-menu

Microsoft (2022c), ‘Mixed-reality: Spatial mapping’.
Accessed: 2022-01-26.
URL: https://docs.microsoft.com/en-
us/windows/mixed-reality/design/spatial-mapping

Microsoft (2022d), ‘Mixed reality toolkit’. Accessed:
2022-01-26.
URL: https://docs.microsoft.com/en-
us/windows/mixed-reality/mrtk-
unity/?view=mrtkunity-2021-05

Microsoft (2022e), ‘Mrtk: Dictation’. Accessed: 2022-
01-26.

Page 588 of 605



URL: https://docs.microsoft.com/en-
us/windows/mixed-reality/mrtk-
unity/features/input/dictation?view=mrtkunity-2021-
05

Microsoft (2022f), ‘Mrtk: Object manipulator’. Accessed:
2022-01-26.
URL: https://docs.microsoft.com/en-
us/windows/mixed-reality/mrtk-unity/features/ux-
building-blocks/object-manipulator?view=mrtkunity-
2021-05

Microsoft (2022g), ‘Mrtk: Solver overview, surface
magnetism’. Accessed: 2022-01-26.
URL: https://docs.microsoft.com/en-
us/windows/mixed-reality/mrtk-unity/features/ux-
building-blocks/solvers/solver?view=mrtkunity-2021-
05surfacemagnetism

Miksik, O., Vineet, V., Lidegaard, M., Prasaath, R., Niess-
ner, M., Golodetz, S., Hicks, S. L., Pérez, P., Izadi, S. &
Torr, P. H. (2015), The semantic paintbrush: Interactive
3d mapping and recognition in large outdoor spaces, in
‘Proceedings of the 33rd Annual ACM Conference on
Human Factors in Computing Systems’, CHI ’15, Asso-
ciation for Computing Machinery, New York, NY, USA,
p. 33173326.
URL: https://doi.org/10.1145/2702123.2702222

Nguyen, D. T., Hua, B.-S., Yu, L.-F. & Yeung, S.-K.
(2016), ‘A robust 3d-2d interactive tool for scene seg-
mentation and annotation’.

Nguyen, T., Hua, B.-S., Nguyen, D. T. & Phung, D. (2021),
‘Single-click 3d object annotation on lidar point clouds’.

Poux, F. & Billen, R. (2019), ‘Voxel-based 3d point cloud
semantic segmentation: Unsupervised geometric and
relationship featuring vs deep learning methods’, ISPRS
International Journal of Geo-Information 8(5).
URL: https://www.mdpi.com/2220-9964/8/5/213

Qi, C. R., Su, H., Mo, K. & Guibas, L. J. (2017), ‘Pointnet:
Deep learning on point sets for 3d classification and
segmentation’.

Ramirez, P. Z., Paternesi, C., De Gregorio, D. & Di Ste-
fano, L. (2019), Shooting labels by virtual reality.

Russell, B. C. & Torralba, A. (2009), Building a database
of 3d scenes from user annotations, in ‘2009 IEEE Con-
ference on Computer Vision and Pattern Recognition’,
IEEE, pp. 2711–2718.

Saran, V., Lin, J. & Zakhor, A. (2018), Augmented an-
notations: Indoor dataset generation with augmented
reality.

Spiekermann, C., Abrami, G. & Mehler, A. (2019), Van-
notator: a gesture-driven annotation framework for lin-
guistic and multimodal annotation.

Tchapmi, L., Choy, C., Armeni, I., Gwak, J. & Savarese, S.
(2017), Segcloud: Semantic segmentation of 3d point
clouds, in ‘2017 international conference on 3D vision
(3DV)’, IEEE, pp. 537–547.

Trimble (2022), ‘Trimble xr10 with hololens 2’. Accessed:
2022-01-26.
URL: https://fieldtech.trimble.com/en/products/mixed-
reality/trimble-xr10-with-hololens-2

Wong, Y.-S., Chu, H.-K. & Mitra, N. (2014), ‘Smartan-
notator: An interactive tool for annotating rgbd indoor
images’, Computer Graphics Forum 34.

Woo, J., Wilsmann, J. & Kang, D. (2010), Use of as-built
building information modeling, in ‘Construction Re-
search Congress 2010: Innovation for Reshaping Con-
struction Practice’, pp. 538–548.

Yépez, J., Guevara, L. & Guerrero, G. (2020), Aulavr: Vir-
tual reality, a telepresence technique applied to distance
education., in ‘2020 15th Iberian Conference on Infor-
mation Systems and Technologies (CISTI)’, pp. 1–5.

Zingsheim, D., Stotko, P., Krumpen, S., Weinmann, M. &
Klein, R. (2021), ‘Collaborative vr-based 3d labeling of
live-captured scenes by remote users’, IEEE Computer
Graphics and Applications .

Page 589 of 605



2022 European Conference on Computing in Construction
Ixia, Rhodes, Greece

July 24-26, 2022

SEMSPRAY: VIRTUAL REALITY AS-IS SEMANTIC INFORMATION LABELING TOOL
FOR 3D SPATIAL DATA

Yiming Zhao∗1, Cyprien Fol∗1, Yuchang Jiang1, Tianyu Wu1, and Iro Armeni1
1ETH Zurich, Zurich, Switzerland

Abstract
Capturing the as-is status of buildings in the form of 3D
spatial data (e.g., point cloud or mesh) with the use of
3D sensing technologies is becoming predominant in the
Architecture, Engineering, and Construction (AEC) in-
dustry. Although the act of acquiring this data has been
progressively becoming more accurate and efficient with
the availability of off-the-shelf solutions in the market, the
act of extracting from it as-is information has not seen
similar advancements. State-of-the-art practice requires
experts to manually interact with the spatial data in a labo-
rious and time-consuming process. We propose Semantic
Spray (Semspray), a Virtual Reality (VR) application that
provides users with intuitive and handy tools to produce
semantic information on as-is 3D spatial data (mesh) of
buildings. The goal is to perform this task accurately and
more efficiently by allowing users to experience, inter-
act with, and immerse themselves in the data at different
scales. Semspray is a combination of two labeling modes:
user-dynamic and user-static. In the user-dynamic mode,
the user is fully immersed in the 3D mesh and has the abil-
ity to walk and teleport themselves within the model; in
the user-static, the user can comfortably sit on a chair and
handle a small-scale version of the 3D mesh to perform the
labeling, in a similar manner to hand-held painting. We
evaluated SemSpray’s performance with a user study of ten
participants and found that the combination of the different
modes is able to keep the user entertained and to limit the
side-effect of VR on the sensory organs, including nausea,
headache, and dizziness.

Introduction
The vast commercialization of 3D sensing technology has
made the 3D reconstruction of our built environment easy
to acquire. This has considerable implications on the Ar-
chitecture, Engineering, and Construction (AEC) industry,
since the availability of accurate as-is building information
can be beneficial to many industry processes: from design-
ing for renovation to construction progress monitoring and
facility management. Trends denote that an increasing
number of AEC practitioners is utilizing such technolo-
gies to acquire 3D reconstructions of building as-is status,
however it has also resulted in a very common question:
how can one extract semantic information from the 3D ge-
ometry (e.g., 3D point cloud or mesh) that reconstruction
systems produce?
Despite extensive research in the development of automatic
methods for 3D semantic understanding of such data (e.g.,
(Tchapmi et al. 2017, Choy et al. 2019, Qi et al. 2017, Poux
& Billen 2019, Bassier et al. 2020)), the results are not

* Both authors contributed equally

accurate, robust, or flexible enough for the requirements of
the AEC industry. As a result, manual or assisted methods
with experts operating dedicated 3D software remain the
industry standard. This is a laborious, time-consuming,
and error-prone process (Brilakis et al. 2010, Woo et al.
2010, Jung et al. 2014), partially due to the 2D way with
which users interact with the 3D data. Virtual Reality
(VR) technology has been gradually explored as a means
to perform tasks in the AEC industry because of its ability
to fully immerse users in a virtual setting. The ability to
disconnect from the real world allows to explore different
perspectives and ways to approach the task, in a way that
would not be feasible in the physical world. Specifically
for the task of attributing semantic meaning to 3D mesh
data, VR technology can provide a platform for non-expert
users to produce as-is information fast and in a gamified
experience.
To this end, we develop Semantic Spray (SemSpray), a VR
application for the task of semantic labeling of 3D mesh
reconstructions of buildings. The aim is for SemSpray to
allow non-expert users to accurately annotate the mesh of
reconstructed scenes with intuitive VR tools in an immer-
sive and user-friendly manner. SemSpray consists of two
annotation modes, which act complementary and offer the
user different perspectives and ways of interacting with the
3D mesh data. Specifically, the user-dynamic mode offers
an ego-centric, first-person view of the environment; this
mode is an extension and adaptation of the Shooting La-
bels work by Ramirez et al. (2019). The second mode is
the user-static mode, which offers an allo-centric view of
the data that allows users to detach themselves from the
high-immersion and physical stress of the first mode. A
user study was conducted with ten participants to evaluate
the usability of SemSpray and to assess the two modes and
the accuracy of the produced annotations. We performed
the study on 3D mesh data of large-scale reconstructions
of real-world indoor scenes that consist of cluttered office
spaces, so as to better gauge the efficacy and usability of
SemSpray.
The contributions of this work are three-fold:

1. We adapted features of Shooting Labels to indoor and
cluttered environments and the specific task require-
ments (e.g., allowing high accuracy).

2. We developed two different modes that offer the user
different ways of interacting with the data. Given how
distinct the ways are, users might choose one or the
other, or a combination, depending on the scene to an-
notate and on their physiological reaction to spending
time in a virtual environment.

3. We conducted a user study to evaluate the usability,
efficiency, and accuracy of using SemSpray.
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Related work
Nowadays, the task of 3D semantic labeling is mostly per-
formed manually, which causes a major bottleneck in ac-
quiring as-is information. To avoid this problem, meth-
ods are implementing semi-automatic approaches that can
speed up the annotation (e.g., (Wong et al. 2015, Armeni
et al. 2019, Nguyen et al. 2021, Dai et al. 2017, Nguyen
et al. 2016, Russell & Torralba 2009)). Semantic anno-
tation tools have been implemented for augmented and
virtual reality devices as well. For example, Miksik et al.
(2015) introduce the labeling task during the acquisition
process for an augmented reality (AR) system. Thanks
to an infrared laser pointer, the AR system can annotate
the object being captured in real-time. Saran et al. (2018)
created an iOS application for simultaneous scanning and
user-defined bounding box annotation. Furthermore, a col-
laborative VR system has been developed by Zingsheim
et al. (2021), that enables the labeling of live-captured
scenes by remote users with sparse labels. Ramirez et al.
(2019) convert the tedious task of annotating into a playful
first person shooter game, which we adopt as a partial basis
for our system.

Semantic Spray
Semantic Spray (SemSpray) is a VR application for users
to provide semantic labels on 3D mesh data of building
scenes. Inspired by Ramirez et al. (2019), we developed a
gamified experience for performing this task. The appli-
cation has two modes: user-dynamic and user-static. An
illustration of the two modes can be visualized in Figure 1.

(a) User-dynamic (b) User-static
Figure 1: User setup in each mode of SemSpray

User-Dynamic Mode

This mode is an extension of the Shooting Labels work
by Ramirez et al. (2019). In a nutshell, Shooting Labels
aims to create a gamified experience for solving the task of
semantic labeling of 3D data by utilizing different weapons
that paint mesh surfaces with semantic labels (each label
is represented by a unique color). After thorough testing
of this application, we identified that, despite having well
implemented basic functionalities for semantic labeling,
certain limitations are hindering the performance of the
tool in cluttered indoor scenes.

Labeling Precision
The variety of different weapons - although fun and ex-
citing - causes issues of accuracy and inefficiency when
dealing with cluttered indoor scenes. The majority of the
weapons does not allow for detailed and precise labeling
of surfaces especially in the case of thinner and/or intri-
cate geometric shapes found on objects and furniture in
such scenes. To improve this limitation, we replaced the
weapons with sprays; the nozzle size of the spray is a pa-
rameter that the user can define. Intuitively, this would
suggest to the user a less harsh and more artistic approach
and thus favor a more precise labeling. We also provide
the user with the ability to visualize an RGB-textured mesh
(RGB mode), in addition to a non-textured one. This can be
of great assistance to the user when trying to disambiguate
about mesh faces and the objects to which they belong.

Figure 2: Diagrams of controller inputs in user-dynamic mode
of SemSpray.

User Feedback
During labeling, the user is not given feedback on the 3D
surface to which they are pointing with the weapon. They
are also not made aware of the effect radius of one blast,
which differs drastically for different weapons. To provide
the user with feedback on where they are aiming, and with
the intention of increasing the labeling accuracy, we attach
a raycast tracking system to the nozzle of the spray. In
addition, the user can select from a variety of different
nozzle sizes and visualize how large of a radius each one
can spray. The mesh triangles (faces) at which the user is
aiming get highlighted in green under the influence of a
specific nozzle size, hence informing the user of the final
effect of their next action.

Visualization Uncertainty
When labeling the mesh with Shooting Label, a color gra-
dient occurs systematically on the annotated surface be-
cause of the way that labels are assigned to face vertices.
Specifically, the color of the face becomes solid only when
all three vertices of the face obtain the same label. Apart
from issues with consolidating labels on one face, this
visualization is confusing to the user. We addressed the
gradient effect by attributing labels to faces and not indi-
vidual vertices – during labeling, if a face is within the
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(a) Minimap structure in RGB mode (b) Inspect annotation status with
minimap

(c) User manual in User-dynamic mode

Figure 3: Examples of functionalities in the user-dynamic mode in SemSpray

effect of the spray it will be assigned the designated label.

Change of Perspective
Shooting Labels allows the user to change their perspective
of the scene by lifting themselves from the virtual ground
in the air using a jetpack functionality. This functionality
is not a good fit for indoor scenes that are usually small and
enclosed. More than often it generates motion-sickness if
the user accidentally activates it. To facilitate the anno-
tation of large-scale reconstructions composed of several
rooms, we implemented instead a mini-map functionality,
which allows users to teleport from one room to another in
a single click. This reduces the discomfort from the wide
motion caused by the jetpack.
In Figure 2, we provide a detailed schematic of the frame-
work and functionalities of the left and right controllers
of the VR device for the user-dynamic mode in SemSpray.
Figure 3 showcases examples of features from the user
viewpoint in the dynamic mode.

User-Static Mode
Despite the user-dynamic mode being better adapted to
cluttered indoor scenes, there are still some drawbacks.
Semantic annotation of these scenes can last long – the
user-dynamic mode cannot support a long-wear use in one
session due to the following:

• VR-induced Sickness: VR users usually face cyber-
sickness (LaViola 2000) or simulator sickness (John-
son 2005). These are a consequence of vergence-
accommodation conflict, which results from a discon-
nect between the sensation of visual movement and
the body’s vestibular system – a collection of mech-
anisms in the inner ear that controls one’s sense of
balance and monitors spatial orientation. This could
occur during the motion when using teleportation or
delayed display when moving the head. Such sick-
ness usually appears in less than 30 minutes after the
user enters the VR environment.

• Fatigue: Performing the task while wearing a bulky
VR device can easily fatigue the user. Indeed, the
user-dynamic mode, which is thought as a first-person
shooter application, requires the user to move the
body frequently and sometimes in challenging poses
so as to reach some corners or the bottom surfaces of
objects in the virtual scene.

• Physical Space Restrictions: A large empty room

dedicated to VR is a luxury for many users and a
VR device set-up in offices or living rooms often
encounters occlusion from objects physically present
in the room, hence restraining the range of motion.

(a) Painting Handle (b) Concept for mesh
interaction

Figure 4: Inspirations of User-static mode

Figure 5: Diagrams of controller inputs in user-static mode of
SemSpray.

To address the above, we implemented a second mode
(user-static) that will enable the user to label the mesh
of a scene only with the motion of two hand controllers,
while remaining seated in a calm and neutral VR room
(and subsequently in their physical space). Figure 4 shows
the concept of user-static mode, which is inspired by the
painting handle tool for miniature models. Essentially, we
develop in the virtual world a painting handle that holds
the scene to annotate, so that the user can interact with
it from different perspectives and scales, while simultane-
ously remaining seated. First, we rescale the mesh to a
smaller size. The user can move, rotate, and re-scale this
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(a) GUI and user manuals (b) Initial minimap overview (c) Split dataset with bounding box
Figure 6: Examples of functionalities in the user-static mode of SemSpray

mesh with one controller, using the other one as a brush
to label the mesh. As in the user-dynamic mode, here as
well we keep functionalities such as brushes of different
size, providing user with feedback on where they are aim-
ing, allowing to view the texture RGB mesh, and using the
minimap to change the space they are holding.
In Figure 5, we provide a detailed schematic of the frame-
work and functionalities of the left and right controllers
of the VR device for the user-static mode in our applica-
tion. Figure 6 showcases examples of features from the
user viewpoint in the static mode.

Fusion of the Dynamic and Static Modes
We connect the two modes using the Unity scene man-
ager system. This permits to exchange mesh and semantic
information between modes. The transition between the
modes is facilitated by a Graphical User Interface (GUI)
menu. A diagram of the communication between the two
modes is illustrated in Figure 7.

Figure 7: Fusion of two modes

User Study
To evaluate SemSpray and to compare the two modes (user-
dynamic and user-static), we performed a usability study
with 10 participants. For each mode, 5 participants are
invited to test the application. The experiment is divided
into three parts: pre-task questionnaire, task completion,
and post-task questionnaire. The pre-task questionnaire
aims at gathering the background information of partic-
ipants, including any prior experience with VR devices
and 3D labeling tools, while the post-task questionnaire
targets at collecting the subjective opinions of participants
after using SemSpray. Evaluation focuses on completing
an annotation task, which includes the following aspects:

• Label specific objects in the designated scene (floor,

table, sofa, chair).
• Adjust the size of the labeling brush/spray nozzle.
• Visualize the RGB mode.
• Use the minimap to change location.

Dataset
We performed the user study in the 3D mesh reconstruc-
tions of real-world cluttered scenes provided in the 2D-3D-
Semantics dataset (Armeni et al. 2017), which includes the
raw textured 3D meshes together with their semantically
labeled ground truth. We use the ground truth to assess the
accuracy of SemSpray. These meshes provide a practical
scenario where SemSpray would be needed. We focus our
study in one of the provided six areas (Area 3).

Metrics
Specifically, we aim to evaluate the usability, efficiency,
and accuracy of each mode:

• Usability: We choose the System Usability Scale
(SUS, (Brooke et al. 1996)) to measure the level of
usability, which can convert answers like Strongly
Agree to numerical scores. The SUS score of the
application was converted to the range of 0-100. The
higher the score, the higher the usability is. The
average SUS score for such applications is 68.

• Efficiency: The time required to complete the task
is used as a metric to reflect the efficiency of our
application.

• Accuracy: To measure the accuracy of labeling, we
selected the standard 3D semantic segmentation met-
rics - and specifically the precision (Equation (1)),
recall (Equation (2)), and accuracy (Equation (3)) -
to compare participants’ labeling results to the ground
truth.

Precision =
T P

T P+FP
(1)

Recall =
T P

T P+FN
(2)

Accuracy =
T P+T N

T P+T N +FP+FN
(3)

where T P, T N, FP, and FN stand for True Positive,
True Negative, False Positive, and False Negative.
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(a) Ground Truth (b) User-dynamic mode (c) User-static mode
Figure 8: Examples of labelled mesh in user-dynamic and user-static mode with respect to ground truth

Results
In this section, we will address the qualitative results and
then present the quantitative results of our usability study
corresponding to usability, efficiency, and accuracy of
SemSpray.

Qualitative analysis
Figure 8 illustrates two example labeling results from us-
ing the user-dynamic and user-static modes respectively.
Qualitatively comparing with the ground truth, results
show that it is feasible to achieve very good labeling out-
put using SemSpray. One noticeable difference is the
small cushion on the sofa marked in a red square. On
the one hand, different users may have different judgement
on whether this small object belongs to the label sofa or
not. On the other hand, as the whole room is a small object
in the user-static mode, the lack of immersive experience
may prevent the user from labeling some small objects cor-
rectly. We should point out that in the ground truth data
the pillow is labeled with the sofa label.

Usability
Figure 9 shows the histogram of the SUS scores of all
ten participants. All reported SUS scores are above the
average value of 68, but one. The average SUS scores for
the user-dynamic mode and user-static mode are 77.5 and
83.5 respectively. This suggests a similar usability of the
two modes and this result can be related to the background
of users, which will be further discussed in a later section.

Efficiency
For each task, we recorded the time that users required to
complete it. In Figure 10, we summarize the average time
in user-dynamic mode, user-static mode, and both modes.
It indicates a similar tendency: for example, labeling floor
requires more time, while labeling sofa is comparatively
an easy task for both modes. Floor is a harder task here

because it has contact with many different objects and it
requires more attention and greater precision to achieve
good labeling results at object boundaries, e.g. the bound-
ary between floor and wall. Besides labeling objects, the
functionality of the minimap is also assessed. Transferring
between different rooms and corridors with this function
is easy-to-use and it only takes users seconds to complete.

Figure 9: Results on System Usability Scale (SUS) scores

Figure 10: Result of time required to complete tasks
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Figure 11: An example of a careless user behavior

Accuracy
Similar to the measurement of efficiency, we summarize
the average precision, recall, and accuracy in dynamic
mode, static mode, and both modes (as shown in Figures
13, 14, and 12). The accuracy plot (Figure 12) show-
cases that both modes have similar performance. On the
contrary, recall when labeling sofa differs across modes.
According to Figure 14, the dynamic mode leads to worse
recall on this task. However, as more participants in the
user-static mode evaluation had prior VR experience, our
experiment could be biased.

Figure 12: Evaluation of labeling accuracy.

Discussion
Comparison of two modes
According to the standard of SUS, an above-average ap-
plication generally achieves more than 68 in SUS score.
Based on the results of the post-study questionnaire, the
average SUS scores of user-static and user-dynamic mode
are around 84 and 78 respectively, suggesting that both
modes demonstrate good usability to the users. A prob-
able explanation for the slightly lower SUS score in the
user-dynamic group is that the participants had less ex-
perience with VR devices and applications than the other

Figure 13: Evaluation of labeling precision.

Figure 14: Evaluation of labeling recall.

group, so more efforts may be needed to familiarize with
the technology initially. With respect to the evaluation
of efficiency, Figure 10 shows the average task comple-
tion time of the two modes on different objects and there
seems to be no clear distinction on which mode outper-
forms the other on all types of objects. Regarding labeling
accuracy, user-static mode demonstrates a slightly better
performance than user-dynamic mode. Nevertheless, as
discussed in the previous section, this discrepancy could
be attributed to the different levels of background and ex-
periences of the participants.
We also performed an experiment to assess the physical
space that each mode occupies when used. The results can
be seen in Figure 15. For the labeling the same 3D scene,
the user-dynamic mode requires almost as big of a space as
the mesh to label – in this example it requires a free of ob-
stacle space of approximate size 5m×2m (Figure 15(b)).
In contrast, the user-static mode requires a substantially
smaller space, which in this example is less than 1m×1m
(Figure 15(d)). However, as can be seen in Figure 15(a)
and (c), the labeling results of user-static mode are less
accurate than those of the user-dynamic mode. These
findings can be of particular practical importance; the user
cab begin by providing all labels in user-static mode and
then strategically enter user-dynamic to address any inac-
curacies.
In summary, though preliminary, the user study shows
that each mode has its own benefits; hence a combination
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(a) Labeled mesh in dynamic
mode

(b) Trajectory in dynamic
mode

(c) Labeled mesh in static
mode

(d) Trajectory in static mode

Figure 15: Trajectory of hands and head in 3D space during the two modes.

of both modes is beneficial for completing the task of
semantic labeling.

Limitations of User Study
During the study, we found that different users could be-
have very differently even on the same task. For example,
when the users were asked to label an object, some labeled
it very fast and carelessly (e.g. Figure 11), while others
tried to label every piece and corner of the object (e.g. Fig-
ure 8b). These diverse behaviors have a significant effect
on the task completion time and accuracy. Furthermore,
the participants were split randomly into two groups to test
different modes regardless of their VR background or ex-
periences. However, during the analysis of the user study,
we found that all three users who have previous experi-
ence with labeling tools or 3D projects were assigned to
the user-static mode, while none of the participants in the
user-dynamic have background knowledge in related field.
Therefore, it is important to bear in mind the possible bias
in their performances.

Conclusion
In conclusion, we have developed a VR 3D labeling appli-
cation that is user-friendly, accurate, and efficient. In this
application, we built upon Shooting Labels – an existing
VR tool, advancing its functionalities while proposing a
new labeling mode. We demonstrated the usability of Sem-
Spray in a user study with 10 participants. The user study
showed that both labeling modes have their own distinc-
tive advantages; their combined use can maximize their
benefits for a well-performed labeling task.
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Abstract
Detecting damage to bridges at an early stage is very im-
portant for financial and environmental reasons. This can
only be achieved by regular and frequent inspections by
experts, who mostly use paper based methods to docu-
ment their findings. This paper aims to develop a con-
cept for a bridge inspection tool using multiple types of
hardware devices to support on-site bridge inspection per-
sonnel in assessing and documenting damages, employ-
ing combinations of both AI and MR technologies. In-
terviews were conducted with structural inspectors from
various companies and from different sectors to identify
important requirements. Based on these requirements, a
concept has been developed, which is compatible with ex-
isting databases for infrastructure.

Introduction
Due to the ageing of structures, changes in traffic composi-
tions, influences by climate change, and increasing traffic
loads, measures for the maintenance of structures have to
be carried out to a considerable extent. In Germany, these
maintenance processes are defined in DIN 1076 (DIN
1076:1999-11 1999), with damage assessment defined in
RI-EBW-PRÜF (Bundesministerium für Verkehr und dig-
itale Infrastruktur 2017). When inspecting bridges and
other civil engineering structures in accordance with these
standards, it is essential that the damage found is identi-
fied completely and accurately, and that it is assessed in
a reproducible and uniform manner. This is indispensable
in particular for the assessment of damage progression and
thus for the evaluation of the urgency of maintenance mea-
sures to be carried out. For this purpose, it is important
that the bridge inspection personnel make optimal use of
their experience and skills in damage detection, and as-
sessment and are supported in tasks that can be performed
more easily through the use of digital technologies. Thus,
the introduction of IT-supported processes in the opera-
tion of the infrastructure has an important significance for
reducing the required maintenance effort. Research is be-
ing carried out to identify potential for optimized life cycle
management of bridges and to bring it into line with best
practice. The rapidly developing technological progress is
to be observed, accompanied and promoted by further in-
vestigations in the research project on behalf of the Federal
Highway Research Institute.
According to the German standard for structural inspec-
tions DIN 1076 (DIN 1076:1999-11 1999), there are three
phases to the bridge inspection process: Data preparation,

on-site data gathering, and data processing. In this paper,
we will focus on phase 2, the on-site data gathering. First,
the on-site inspectors locate known damages using written
documentation and search for possible new damages in the
structure. The damages are then documented using digital
cameras and categorized in written form. This data is then
used to make decisions about the condition of the build-
ing and possible actions to be taken. This process still has
potential to be optimized through the use of digital tech-
nologies.

Augmented and mixed reality (AR/MR) offer new pos-
sibilities for visualization of virtual content, information
input and information provision. Virtual content can be
provided to inspection workers, who thus have the possi-
bility to include and process it in their decision making.
Systems used for this purpose can record the real envi-
ronment and situation via sensors, and cameras and over-
lay information appropriately. Artificial Intelligence (AI)
technologies can be used to detect and analyze damage to
structures by training image capture data models. In com-
bination with AR, the AI can process the data recorded
by the AR/MR system in real time, recognize patterns and
provide the user with an evaluation via the AR/MR sys-
tem. The application of a combination of Augmented or
Mixed Reality and AI or Machine Learning can support
the bridge inspection process as shown by previous studies
(Salamak & Januszka 2018, Karaaslan et al. 2019, Moreu
et al. 2019). These studies show how the use of one device,
mostly Head-Mounted Displays (HMDs), can enhance the
bridge inspection workflow. Most of the time, the used
device is only utilized to display information without in-
teraction, granting only limited options for the user to in-
teract with the system, which represents a challenge when
documenting more complex data, such as damage reports.
Furthermore navigating large data structures or inspecting
structural plans on HMDs can be difficult. Using devices
that mitigate these drawbacks, such as tablets, could im-
prove the workflows presented in these studies. DIN 1076
states that a test team of at least two persons has proven
to be the most effective unit for a main inspection. This
is widely accepted and practiced in the German bridge in-
spection workflow. Because of this, we propose a digi-
tized workflow for bridge inspections using two different
devices. Through the use of two devices, the workflow can
be split up, reducing the workload for both inspectors and
devices, as well as specialize the different devices to either
information visualization or documentation.
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Related Work
In order to support on-site bridge inspection workers, aug-
mented reality (AR) for information visualization, and arti-
ficial intelligence (AI) for damage detection, will be used.
AR is a human-machine interaction paradigm that over-
lays virtual information on top of a real environment (Dix
et al. 2003). This allows the user to see the real envi-
ronment with additional virtual objects. In general, AR
should combine the real and virtual world and be opera-
ble in real time. In addition, objects in virtual and real
space should have a 3-dimensional relationship to each
other (Azuma 1997). The strengths of AR include the real-
time interpreted information of the user’s environment and
the simple representation of it. In addition, by superimpos-
ing the digital information on the real environment, the
user is not distracted from the real environment, while,
for example, an instruction manual is shown on the dis-
play. Other strengths of AR include the paperless delivery
of large amounts of information and the ability to connect
additional devices to the system. Many of these strengths
vary depending on the AR application area (Azuma 1997).
One such application area is the on-site bridge inspection.
To best utilize the strengths of AR, Moreu et al. (2019)
conducted interviews with stakeholders to show the poten-
tial for detecting, analyzing and highlighting damages on
a bridge for the on-site inspector. Salamak & Januszka
(2018) introduced a concept on how to implement an AR
bridge inspection tool using an HMD. The proposed sys-
tem would enable the inspectors to capture videos and pic-
tures of damages, and be guided via a visual overlay to
points of interest. For the system to work, a digital model
of the bridge would be required. Riedlinger et al. (2021)
present another approach using a digital model to improve
the on-site bridge inspection process using AR, while op-
timizing both the preparation and post-processing phases
using virtual reality as well as supporting the collaboration
in the bridge inspection process.
Since manual inspection at small time intervals cannot
always be guaranteed, research has focused on com-
puter vision-based automation of damage detection, which
would allow not only more frequent, but also more
time-efficient and cost-effective monitoring and inspec-
tion. However, image-based concrete damage detec-
tion is very challenging: images of bridges may contain
inter-categorical and intra-categorical varieties in damage,
noise elements such as graffiti, plants, insects, trash, dis-
coloration, different lighting conditions, etc. There have
been AI based damage detection methods in images, such
as support vector machines (Liu et al. 2002), neural net-
works (Oullette et al. 2004, Rughooputh et al. 2000), and
k-nearest neighbor (Kaseko et al. 1994). However, it was
the publication of Krizhevsky et al. (2012) and the recent
increase in GPU power that brought machine learning into
the focus of image-based damage detection. In particular,
it was the use of Convolutional Neural Networks (CNNs)
that achieved breakthrough results in image recognition.
Subsequently, CNNs have been used as the base archi-

tecture for most machine learning-based methods of dam-
age detection. This development has been particularly fa-
vored by the introduction of advanced recognition meth-
ods. These are, in particular, bounding-box object detec-
tion methods (Girshick et al. 2014), semantic segmenta-
tion methods (Long et al. 2015), and instance segmen-
tation methods (Hariharan et al. 2014). Karaaslan et al.
(2019) present an AR system that implements an artificial
intelligence (AI) and collaborates with a structure inspec-
tor to identify damage to the bridge structure. The pro-
posed AR application is run on an HMD during the bridge
inspection, on which the AI is also implemented. Among
other things, the AI can detect cracks and spalling, and
record the size of these damages. Detected damages are
displayed to the structural inspector on the HMD by a vir-
tual overlay over the real damage.

In order to locate and recall damages on a bridge model, a
form of localization of the device and the recorded dam-
age has to be performed. The localization problem is a
term from robotics which describes the task of determin-
ing the pose of a device (position and rotation) from the
environment. The pose can be related to a model or an
already visited environment. This problem is also called
”Kidnapped-Robot-Problem” in the literature, in which a
robot has to find out its own position after waking up in a
known environment. The best known localization method
is GPS, where the position is determined with the help of
a satellite network. The rotation is usually determined by
a gyroscope and compass in such a system. While GPS
can be used all over the world, its accuracy is limited to a
few meters. Indoor occlusion, tunnels, or urban canyons
can further reduce accuracy. Nevertheless, it can be used
outdoors for visualizations with an AR device (Schall et al.
2009). Another method of localization is local signal sta-
tions, such as RFID or WiFi beacons. Based on the signal
strength of the various beacons, the position of a device
can be determined to within less than a meter (Chintala-
pudi et al. 2010). However, this method requires that the
area is covered by a beacon network and the network has
been calibrated accordingly. One way to perform local-
ization without external sensors is geometric localization.
AR devices can use spatial mapping techniques (structure
from motion, depth cameras) to determine the geometry
of their environment, and match this with existing geome-
tries. This includes approaches such as point cloud match-
ing (Bueno et al. 2018) or floor plan matching (Herbers &
König 2019). These methods can determine very accurate
poses, but are unreliable at locations with repetitive or self-
similar geometry. In recent years, there has also been in-
creased research on AI-based localization methods. Using
CNNs, a network can learn a mapping between images and
poses (Walch et al. 2017). Such approaches usually have
an accuracy of one to three meters and are very performant
in evaluation, but a significant amount of data is required
for training.
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Methods
To determine possible features and hardware for the pro-
posed bridge inspection system, a requirements analysis
was conducted. In the course of the requirements anal-
ysis, a detailed analysis of the bridge inspection work-
flow according to DIN 1076 (DIN 1076:1999-11 1999,
DIN 1076 2013) was conducted, to identify crucial pro-
cess steps within the workflow, which could potentially be
optimized by using AR or AI. The procedure during the re-
quirements analysis follows the principles of requirement
engineering and takes into account requirements that result
from the sequence of the structural inspection process.
Furthermore interviews with structural inspectors from
various companies and from different areas were con-
ducted. The interviewees were selected based on their ex-
perience in the inspection process. Overall, five persons
were interviewed, three of which are structural inspectors
specialized in bridge maintenance, and two of which are
project managers for public contractors for infrastructure.
The interviews were based on the aforementioned detailed
analysis of the DIN 1076 norm and conducted in a uni-
form manner with each participant getting an overview of
underlying project. Participants were only asked if a given
process step would benefit from an AR or AI support sys-
tem. Each individual process step was discussed together
in order to identify exact points of contact for the AR ap-
plication to be developed and the use of the supporting AI.
Each interview was conducted over the course of one hour
and were held online. The results of these interviews were
incorporated into the formulation of the necessary require-
ments for the proposed AR/AI concept.
Additionally, a hardware analysis was conducted to iden-
tify possible combinations of different devices. In this
analysis, devices will be evaluated according to their po-
tential to visualize and process data, their ease of use, and
other criteria to support an on-site inspector. The cost,
availability, and battery run time of the devices are also
taken in consideration. In order to specify the adapted
AR-supported inspection process to be developed in this
paper, these requirements are incorporated into the subse-
quent conceptual design proposal.

Results
The following section is separated into the results of the
interview process, the results of the hardware analysis, and
the proposed system.

Results Interviews
The detailed analysis of the individual process steps of the
bridge inspection sequence according to DIN 1076 (DIN
1076:1999-11 1999, DIN 1076 2013) offers various start-
ing points for a mobile AR application with integrated AI
to support the inspection process. The interviews highlight
an added value for the use of the new digital technologies
seen in the reduction of effort, especially the manual ef-
fort in providing the documents on site. Automatic high-
lighting of damages during recording and a direct compar-

ison to previous condition data is mentioned as an increase
in efficiency. An evaluation recommendation as a guide-
line for the inspector’s assessment of damages and the final
structure condition grade could improve accuracy as well.
Common rating levels are suggested based on the extent
and size of the damage. The consolidation and evaluation
of the recorded data for standardized documentation is also
seen as promising. The localization of the damage on the
structure plays a major role when documenting damages.
The AI is to identify existing damage patterns and informa-
tion, and visualize changes since the previous inspection
in the AR application. While there were more potential
points of interest within the inspection process, the above
mentioned steps were identified as the most promising.

Results Hardware

Two different technical AR systems will be utilized in
this paper: an AR tablet based on Google’s ARCore,
and a Trimble XR10 system with an attached Microsoft
HoloLens 2. The Trimble XR10 system with HoloLens 2
has been specifically developed for use in areas with in-
creased safety requirements such as construction sites, off-
shore facilities, or mining sites, and complies with the AN-
SI/ISEA industry standard. Multiple mobile AR devices
based on different operating systems (Apple, Google,
Microsoft) have been evaluated. Several concepts for
configuring a two-device-approach have been examined:
tablet/tablet, tablet/HMD, and HMD/HMD.

The tablet/tablet configuration is a low-cost and robust
method, which is intended to replace analog work on pa-
per with digital work on a tablet. Acceptance of and ex-
perience with the hardware is high among the population,
which simplifies retraining. However, advanced AR im-
mersion is not possible with this configuration.

This contrasts with the HMD/HMD configuration, where
both inspectors use a head mounted AR device to perform
the inspection. This combination would enable many inno-
vative interactions, such as immersive AR and multi-user
spaces. However, since AR-HMDs are a very new technol-
ogy, the usage of such devices require extensive training,
and user acceptance is likely lower. In addition, precise in-
put patterns, such as typing or operating a map, are more
complex using an HMD, and slower overall.

For these reasons, the Tablet/HMD concept was chosen, as
it combines advantages of the above configurations while
minimizing the disadvantages, combining a robust appli-
cation with innovative methods. Data entry and lookup of
old data is performed on the tablet, while data collection
and visualization is done with the HMD. During develop-
ment, emphasis is placed on keeping the coupling between
devices as flexible as possible, so that the hardware con-
cept can be easily expanded or changed in the future. For
example, it should not be necessary to use an HMD for
every inspection, but a single tablet should suffice. This
would allow flexible use of the new technologies.
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Proposed System
Based on the requirements analysis, the detailed specifi-
cation of the functional units to be implemented for the
Bridge Inspection Support System (BISS) for structural in-
spection in bridge construction is made. In the following,
the intended process of the new system, the system archi-
tecture, the visualization of the data via AR and human-
machine interaction with the BISS will be addressed. For a
bridge inspection with the BISS, an adaptation to the con-
ventional procedure is needed. For this purpose, a new
bridge inspection procedure is designed that integrates the
use of the BISS (Figure 1).
The adapted process starts in the data layer. This layer con-
tains the asset database with information about the current
status of the structure (e.g. bridge) being inspected, as well
as information about past inspections and their recorded
damages. To be compatible with existing databases, a sec-
ond database for additional information collected with the
new workflow is employed. The mesh database contains
3D data on recorded damage from past bridge inspections
and their environmental data, later used for the relocaliza-
tion of damages. The meshes are saved using the open
glTF file format, while the relocalization data is saved in
a proprietary file format used by the Microsoft HoloLens.
From both databases, bridge data is imported from the data
layer to an office desktop at the beginning of the bridge in-
spection process. The data imported from the databases by
the desktop computer contains all data on the structure to
be inspected, i.e. construction plans, documented damages
from previous inspections, spatial meshes on damages if
available, descriptions and assessments of the documented
damages, and other data required for the inspection. The
data inspector prepares the on-site inspection normally as
described in the first phase of DIN 1076 (e.g. acquiring
permits, setting inspection dates, etc.). The required data
is then transferred to the tablet used for the bridge inspec-
tion with the BISS application. Once this has been done,
the on-site bridge inspection can begin. During the on-site
bridge inspection, the data inspector uses the BISS appli-
cation on the tablet and the visual inspector uses the HMD.
Here, the data inspector sends the relevant structure infor-
mation to the visual inspector’s HMD via the tablet. Us-
ing the received data from the tablet, the visual inspector
can check the structure for damage. Several functions of
the BISS on the HMD are available to the inspector to help
them evaluate the detected damage. Documented damages
of previous inspections can be visualized using the relocal-
ization feature of the HoloLens. Newly detected damages
can be recorded and categorized, including location and
surrounding geometry. In future research, these damages
can also be highlighted through an integrated AI, which
will be able to mark and categorize damages automati-
cally.
As seen in Figure 1, the data layer of the BISS consists
of independent databases. The current condition data for
bridge structures are stored in the asset database. The
data required for a bridge inspection is retrieved via the

REST interface provided by the asset database. For this
purpose, the data inspector accesses the asset database via
the Desktop component and can thus download and pre-
pare the plans, the already documented damage images,
and descriptions and assessments. The prepared data is
then transferred to the ICDD component via a DIN SPEC
91391-2 compliant REST API and, if available, linked to
the spatial meshes, anchor points, and damage masks, and
stored in a container.
The Information Container for linked Document Delivery
(ICDD) (Höltgen et al. 2021), published in the interna-
tional standard ISO 21597-1, introduces a data structure
that enables the linking of documents linked to a con-
tainer, using semantic web technologies (EN ISO 21597-1
2020). The DIN SPEC 91391-2 specification (known as
openCDE) can be used to enable the exchange and access
to different types of information containers (DIN SPEC
91391-1:2019-04 2019). It defines requirements for the
development of an open web API for the storage, manage-
ment and distribution of these containers.
The bridge inspection data stored by the data inspector in
the ICDD platform (spatial meshes of the damage, con-
struction plans, damage from previous inspections, and de-
scriptions and ratings) can be downloaded in the Tablet
component via the openCDE API provided by the office
application in the form of an ICDD container. During the
bridge inspection, the damage recorded by the visual in-
spector via the HMD component is fed directly back to the
data inspector in the Tablet component. The data inspec-
tor evaluates the transmitted damages and performs evalu-
ations. Figure 2 shows the exact structure of the data inside
the ICDD container.
After completion of a bridge inspection, the as-built data
and the newly recorded damage and reports are again
stored in an ICDD container and transferred back to the
ICDD platform via the openCDE API. From here, the new
data collected during the on-site inspection can then be fed
into the asset database via the REST interface with the help
of the Desktop component. The exchange of data within
BISS is file-based. The linking of the used data is done by
the semantic web technologies implemented in the ICDD
platform. An overview for the proposed system architec-
ture can be seen in Figure 3.
In order to be able to visualize the damage history in subse-
quent inspections, the captured information must be stored
in a location-based manner. AR devices use so-called an-
chor points for this: points in AR space that are assigned to
certain environmental features in real space. For example,
an anchor point stores local image information (in the form
of SIFT features), or the local geometry of the environment
(in the form of point clouds or meshes). When entering a
place that has been already visited in a previous inspec-
tion, the AR device compares the environment with the
list of stored anchor points. If a match is found, the anchor
point can be placed at the detected location, thus matching
the AR space of the previous inspection and the real space
of the current inspection again. We propose storing one
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anchor point should per damage. While it would be possi-
ble to use only a single anchor point from which all dam-
age is positioned, the precision of localization decreases
the further the device is away from this anchor point. In-
stead, an elastic network of anchor points is formed, which
can alleviate the positioning errors between anchor points.
Each recorded damage is assigned an anchor point, form-
ing a node in the network. This network of anchor points
is exported from the device at the end of an inspection and
stored in the mesh database, where one anchor network is
managed per bridge. This also allows the transfer of an-
chor points to other devices.

An important aspect in the development of new software,
especially with newer technologies such as AR and the use
of new hardware such as HMDs, is the ease of use and good
user-friendliness of the new software. The aspects of ease
of use and user friendliness also have a direct impact on
user acceptance of the new software. For this reason, we
developed a simple and intuitive human-machine interac-

tion concept for the two systems used, the tablet and the
HoloLens. Particular attention is given to the different in-
teraction methods of the HoloLens and the user interfaces
of both devices with which the user interacts.

To keep the use of the tablet as intuitive and simple as pos-
sible, common user interfaces for mobile applications are
used. A distinction is made between the two frequently
used mobile operating systems, iOS and Android. Both
operating systems presuppose their own specifications or
guidelines for the creation of mobile applications, which
also applies to the user interface. iOS presupposes stricter
specifications, so that a very similar user experience is
granted across the entire spectrum of applications on iOS,
which enables users to have a familiar control scheme over
all available applications. In contrast to iOS, the Android
operating system gives developers of a mobile application
more freedom in the design of user interfaces. However,
this has the disadvantage that a uniform implementation of
user interface components is not enforced, which the user
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would have to relearn when using a new application. How-
ever, there are certain user interface components that often
perform the same task in Android applications. These are,
for example, icons such as the ”hamburger menu” or the
”settings gear”, which are familiar to users. Due to the ad-
ditional design freedom for the operation, the wide avail-
ability, the easier communication and connection to other
devices and the lower costs, the use of an Android device
is employed for this concept.
The HoloLens offers several ways for a user to interact
with it or its interface. The two commonly used interaction
options are voice control and gesture control. With voice
control, the user transmits commands to the HoloLens de-
vice via voice; usually this is initiated via predetermined
keywords. With gesture control, the hands are used as an
input method. Here, different hand gestures can be used to
pass on commands to the HoloLens, for example via wav-
ing or pointing. A subcategory of gesture control is the use
of a virtual touch interface, which provides virtual buttons
and controls. Furthermore, it should be mentioned that the
field of view of the HoloLens is smaller than the field of
view of the user, which means that information is mostly
displayed in the center of the user’s field of view. Because
of this, special attention should be paid when placing in-
terface components, so as not to overwhelm the user or
obscure his field of view.
Both interaction methods have their advantages and disad-
vantages. The control via voice commands has the advan-
tage that the input of commands can be carried out com-
pletely hands-free, so that the hands can be used freely
for other activities. Furthermore, the user interface can be
designed more clearly and cleanly, since control elements
within the interface can be omitted. This keeps the user’s
field of vision free of distractions. However, voice control
requires a quiet environment and a clear voice. In environ-
ments with a lot of ambient noise, such as strong winds or

car noises, the user may not be understood correctly or not
at all by the speech recognition system, which can partially
or completely limit the operation of the software. Even in
optimal conditions, the voice input can be misunderstood,
which in the worst case can lead to a work step being com-
pletely reset. This not only causes loss of working time,
but also user dissatisfaction due to the repetition of voice
commands. In addition to the problem of speech recogni-
tion, there is also the fact that the user needs to wait sev-
eral seconds between individual commands for the speech
recognition and the execution of the commands. Although
this can be solved by stringing together several commands
at once, the risk of misinterpretation by the speech recog-
nition is higher.
In contrast to voice control, gesture control can be operated
independently of ambient noise. The most common ges-
tures in gesture control are waving, wiping, and pointing,
but a variety of other gestures can also be programmed to
be recognized by software. The gestures are mainly per-
formed with one hand, which leaves the other hand free for
other activities. Similar to voice control, the user interface
on HoloLens can be kept free of additional controls, that
would otherwise obscure the user’s field of view. Gesture
control also enjoys higher user acceptance because parts of
gesture control are already established, for example swip-
ing on a smartphone. Nevertheless, misinterpretation of
the detected gestures can also occur with gesture control.
This can happen due to poor visibility or poor execution
of the gestures. Problems can also occur with complex in-
structions to the software, which require either very com-
plex gestures, high precision, or a large sequence of ges-
tures. Finally, a user would have to learn the usable ges-
tures and their function, which is an additional barrier to
entry.
An alternative to pure gesture control is the introduction
of virtual input elements within the AR environment that
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can be used by pointing gestures or ”pressing”. This has
the advantage that more complex commands or inputs are
easier to execute, for example via the use of a virtual key-
board. This type of control also requires only one hand. In
addition, there is no misinterpretation of speech or gesture
recognition, and errors can be corrected more quickly. The
operation of virtual input elements is very identical to the
real counterpart, but haptic feedback is missing. This fur-
ther reduces the barrier to entry for users. When using vir-
tual input elements, special attention must be paid to their
placement. The input elements must be visible to the user,
but must not restrict the user’s field of vision too much.
This can happen quickly, especially with more complex
applications. Input elements should always be in the user’s
field of vision, otherwise they have to be searched for by
looking around, which takes additional time and can lead
to frustration. To keep input elements in the user’s field of
view, they can follow the user’s field of view so that the
input elements are always displayed in the same place for
the user.
The proposed concept consists of a combination of gesture
control and virtual input elements. Through this combina-
tion, an error-free and simple operation can be ensured.
In addition, the advantages of both methods can be fur-
ther built upon. By using pure gesture control, the user’s
field of vision can be kept free during a building inspec-
tion, and additional information is only displayed when it
is needed. Furthermore, the virtual input elements provide
simple control elements for recording structural damage
when they are needed. During the recording of structural
damage, only the required information and input elements
are displayed for a better overview. These are bound to the
user’s field of view so that the user does not lose sight of
the input elements when looking around. As soon as the
user has finished entering the required information, the in-
put elements relevant for this input are hidden until they
are needed again. This means that the user has the clearest
possible field of vision at all times.
Some interactions, such as the selection of structural com-
ponents or displaying structural drawings, would require
an increased amount of display space, possibly obscuring
the entire field of view of the user. Additionally navigating
long list of structural components or structural drawings
can be difficult. To alleviate this problem, these interac-
tion are outsourced to the tablet of the data inspector for
easier use.

Conclusion
This paper investigates how the existing process for bridge
inspections is structured and identifies potentials for dig-
italization through computer-based processes and new
technologies. Based on this, a digitalized two device pro-
cess was developed for bridge inspectors to support inspec-
tion process in the assessment and documentation of dam-
ages, employing combinations of AI and MR technologies.
Hardware requirements were investigated and appropriate
technologies were defined. A concept was designed in the

form of a tablet application on the Android operating sys-
tem and an AR application on the Microsoft HoloLens.
The proposed two-device configuration exploits the ad-
vantages of AR technologies (immersion, hands-free use),
while mitigating disadvantages (complex operation, user
acceptance). The system should allow damage to be dig-
itally annotated and located. A damage history for each
component can be viewed to monitor development and
changes since previous damage inspections using the inte-
grated AI. Spatial anchor points allow previously recorded
damages to be easily retrieved and superimposed for com-
parison with the current state.
In the next step a demonstrator will be developed, incor-
porating the envisioned concept. Test will be conducted to
verify the optimal method of communication between the
two on-site devices. Emphasis will be placed on modu-
larity, resilience, and user-friendliness of the system. The
trained AI networks will be prepared for deployment and
integrated on the devices. Furthermore, the process and
the demonstrator will be evaluated by domain experts by
means of an effort-benefit analysis.
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