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PREFACE  

The 2021 European Conference on Computing in Construction was held as an online 
eConference on Gathertown and Zoom from July 26 – July 28, 2021. The conference had 91 
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 2nd annual event of 
EC3. 
The EC3 2021 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 36 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), 53 outstanding full papers were ultimately included in the 
proceedings and presentation at the conference. The manuscripts were presented during 3 
plenary sessions and 11 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 
 Late Breaking Abstracts 
 Product and Process Modelling 
 Virtual and Augmented Reality 

 
Please note: All EC3 proceedings and session recordings are available at no cost from 
https://ec-3.org/publications/conferences. 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 sessions 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 

In addition to the technical content, the conference also provided opportunities for fellowship 
and networking in informal settings using the online platform Gathertown.  
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); the Gathertown support team at UCL, and Juliana Berglung-
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Brown, Qian Chen, Usman Ali, Divyanshu Sood, Ming Shan Ng, and Irfan Čustović, for 
their invaluable support with the conference digital presence and preparation of the 
conference proceedings.  

To all EC3 2021 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 virtual setting!  

Daniel M. Hall, Ph.D., ETH Zurich, EC3 Programme Chair, and  

James O’Donnell, Ph.D., University College Dublin, EC3 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 

In recent years, Blockchain technology has evolved from 
its original application in cryptocurrency and can now be 
used for applications such as Smart Contracts. Smart 
Contracts automatically excecute transactions without the 
need for a central authority however there are very few 
use cases of the technology, particularly amongst UK 
AEC Design SMEs. This paper uses a hybrid method 
approach which combines questionnaires with semi-
structured interviews to create a framework which 
showcases how a Smart Contract invoicing process could 
work for Design SMEs. This could create an automated 
invoicing process which is more efficient and reduces the 
risk of late or non-paymnet.  

INTRODUCTION 

This paper explores whether a Smart Contract (SC) on a 
blockchain invoicing and payment process is a valid 
replacement for the current invoicing process used by 
Design SMEs in Scotland, UK. This is positioned within 
a context of introducing Blockchain as an information 
layer for project management, and within the constraints 
of the paper, at examining the shift that potentially needs 
to take place for SCs and Blockchain to become a valid 
information base layer for design SMEs. The difficulty 
and novelty of the question lies in establishing the first 
actions for SC and Blockchain to enter the space of 
Deesign SMEs, under the use case of transaction 
automation with smart contracts (Hunhevicz et al), and 
specifically invoicing and payment automation. It seeks 
to resolve potential issues of trust in tansactions, but also 
productivity, as SMEs might regain time lost to seeking 
payment.  

The paper is structured in five parts: In part one, We 
present first the background to the work, where we discuss 
Design SMEs and invoicing practices, the identification 
of the problem regarding late payments and the RIBA 
plan of work in the UK, we then discuss Blockchain and 
Decentralised Ledger Technologies and smart contracts. 
In part two, we discuss our methods which followed a 
hybrid approach, their suitability of the methods to 
address the question along with the legal framework in 
Scotland, while part three discusses the implementation of 
the work, wher we explain the process of conducting 
interviews, a questionnaire, and developing a SC 
prototype in the solidity language. Parts four and five 
contain the discussion and conclusion.  

The research for this paper was initially developed in 
“Invoice Smart Contracts for Design SMEs, 2021”, 

Dissertation on Escrow Smart Contracts for Design 
SMEs,  Robert Gordon University by the first author. This 
paper will refer to the findings in the dissertation and 
discuss them in part three: implementation.   

BACKGROUND 

Using DLT/B and smart contracts for automating 
payments in construction is not new to construction 
computing researchers. A number of researchers have 
investigated in the past the process, either conceptually ( 
Li et al, 2019) (Kinnaird et al, 2017) or through prototypes 
(Kifokeris et al 2019) Luo et al, 2019) (Dounas et al 
2018). Of these only one (Dounas 2018) is focused in the 
design phase of the project and that was directly 
connected to describing the automation of payments 
through distributed CAD systems and blockchain 
integration, without engaging with the context of a real-

INVOICE SMART CONTRACTS FOR DESIGN SMES 
 

Lee Youngson, and Theodoros Dounas 
Robert Gordon University, Aberdeen, Scotland, UK 

 
 

Figure 1: Diagram of Bitcoin Blockchain (Nakamoto 2008 p.5)  
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client scenario. Our paper brings to the fore the 
relationship between clients and design SMEs, and how a 
BSC on a Blockchain /DLT might help alleviate issues of 
productivity and trust.   

UK Design SMEs tend to split their fees into smaller 
invoices (Design For Me, 2020) as per the stages set out 
in the RIBA plan of work (2020a) with fees being issued 
on completion of the services as required in The RIBA 
Standard Professional Services Contract (2020b). Despite 
this late payment still persists which leads to business 
owners chasing invoices which is both time consuming 
and uncomfortable. (RIBA 2018). The defining symptom 
of late payment is poor cash flow. Cash flow can be 
defined as “the difference in the amount of cash available 

at the beginning of a period, referred in accounting terms 
as opening balance, and the amount at the end of that 
period, reffered to as closing balance” (Smith, 2017). 

For the context of our paper, we take 
Blockchain/DLTs to mean distributed computing state 
machines which are Turing complete (Turing 1936), with 
the additional ability to run smart contracts that hold 
value(Buterin, 2014), and, through various types of 
consensus and cryptographic security achieve information 
immutability and trust. (Antonopoulos et al 2018, 
Nakamoto 2008). Smart Contracts predate the creation of 
the bitcoin Blockchain by Nakamoto, (Szabo, 1994) and 
are conceptualized simply as a self-executing contract, i.e. 
automated with the terms of the agreement between 
involved parties written directly into lines of code. This 
concept has evolved in the Ethereum Blockchain to mean, 
”systems which automatically move digital assets 

according to arbitrary pre-specified rule” (Buterin 2014). 

However, within our paper we focus more on the ability 
of the smart contact to hold value and change the state of 
the state machine it resides on, by using its per-
encapsulated rules in code. 

Use or proposed benefits for Design SMEs 

The use of Smart Contracts in design SMEs could have 
several potential benefits for businesses, employees and 
clients. To identify where Smart Contracts can be 
successful it is important to define the most important 
measure of a successful business. A recent survey found 
that the most popular answer was “success of a business 

is assessed on its ability to produce a profit” (Pletnev and 

Barkhatov, 2016 p. 189). For SMEs to make a profit they 
must be efficient in what they do and ensure that time is 
spent wisely and productively (Poirier 2015) . Smart 
Contracts have the potential to automate the invoicing 
process, which frees up SME time previously devoted to 
chasing payments and allows employees to focus on other 
parts of the business. It also has the potential to make 
payment immediate, which would eliminate the need to 
chase invoices (Lamb, 2018). Automating the invoicing 
process would also reduce the risk of payment errors, such 
as manual typing errors or issuing the same invoice twice 
(Ascend Software, 2019). 

In terms of client/company relationship Smart 
Contracts could provide the benefit of a new layer of 
automation that previously never existed. This layer of 
automation would ensure payment for the design SME on 
completion of the work, but would also benefit the client 
by ensuring the SME is incentivisd to complete the work 
in the agreed timescale otherwise there may be 
consequences such as penalties for the designer. The 
Smart Contract could also be used as a mechanism of 
conflict resolution as it stores an immutable record of 
previous transactions which could be used as evidence in 
the case of an arbitration. 

Barriers with introducing new technologies in the 

AEC Industry 

Although Smart Contracts propose many benefits for 
Design SMEs, implementation could pose difficult for the 
UK AEC industry. Despite many advances in technology 
since the third industrial revolution “digital 

transformation meant so far for many firms merely to 
replace ink pens and slide rulers with computers and CAD 
software” (Belle 2017, p. 282). A report carried out by 
McKinsey & Company has revealed that the Construction 
industry is the second least digitized industry, with only 
the Agriculture and hunting industry being less digitized. 
(Agarwal, Chandrasekaran and Sridhar, 2016).  

METHODOLOGY AND CONSTRAINTS 

The paper uses a hybrid methods approach which 
combines a questionnaire, semi-structured interviews, and 
rapid software prototyping. A grounded methods study is 
used “to investigate a setting holistically and without 

preset opinions or notions.” (Groats and Wang 2013 p. 

234). Initialy a literature review was conducted to develop 
an undeerstanding of th state of the art. A suvey 
questionnaire (Molleri 2016) and semi-structured 
interviews have been used as part of the grounded 
methods study to confirm the issue of late payment 
amongst UK AEC Design SMEs and identify the 
requirements for a Smart Contract invoicing process so 
that it suits and benefits Design SMEs and addresses the 
failings of the existing process. A rapid software 
prototyping was developed to test the Smart Contract as a 
means of invoicing and payments at a basic level, and to 
operationalise the findings of the questionnaire and 
interviews. We used these methods as more appropriate 
for the question asked, as currently there are no existing 
smart contrract oducts that can be used to test fit for 
purpose. Hence a prototype had to be created, but to do so 
we needed a framework undeer which to empirically 
guide the creation of the software prototype (Wohlin et al 
2003 ) 

The literature review has been used to analyse the 
current state of the art of Blockchain/DLT and smart 
contracts in construction. It also covers the potential 
benefits to the use of Smart Contracts for UK AEC Design 
SMEs to confirm the validity of this paper. With the 
implementation of any new technology will have issues in 
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every industry and for this reason a review of previously 
implemented technologies in the UK AEC Industry was 
carried out to highlight any common issues or 
misconceptions within the industry that may have to be 
addressed. 

The questionnaires were formulated around the 
question of late payments in dssign SMEs and were 
disseminated to CIAT and RIBA registered Design SMEs 
working on a variety of projects across the UK. This was 
done by advertising the questionnaire on the CIAT weekly 
newsletter and by contacting firms directly. The questions 
were based on research carried out by Tide which covered 
all types of SME in the UK (Penney, 2020).  

The interviews were carried out with both CIAT and 
RIBA registered firms based in the UK. These firms 
ranged in size from single seat SMEs to 8 employees and 
worked on a variety of projects both domestic and non-
domestic. The purpose of the interviews were to identify 
the current invoicing process used by firms and the issues 
they face using this process and triangulate and 
contextualise findings from the questionnaires. An initial 
Smart Contract invoicing prototype process was also 
presented in the interviews to confirm its validity and 
whether any issues could be forseen.  

A prototype framework was used to test the validity of 
a Smart Contract mechanism as a means of invoicing for 
a Design SME. The framework was shaped from the data 
gathered from the grounded studies (Q&I). It was crucial 
to identify the methods Design SMEs were using to 
understand where they were successful and where they 
were failing. This ensured the framework would resemble 
the current methods to limit the size and number of 
changes to implement a Smart Contract process. Smart 
Contracts run on the Ethereum Network and are written 
using Solidity a high level computing language (Entriken, 
2020). The framework also used Solidity however it was 
tested using an online development framework on a test 
network to avoid costly gas fees on the Ethereum mainnet. 

Constraints 

While we used the RIBA plan of works within the survey 
and interviews, the data collection and the targeted SMEs 
were all within Scotland, hence the first limitation with 
our method is that the results can not be indicative of the 
whole United Kingdom as Scotland uses a separate legal 
framework than the rest of UK, (SBC 2021) and for the 
appointment of architects (SCA/2014 2015). While we do 
not expect these to be significant for the nature of the 
paper, we expect that there will be nuances for the forging 
of a UK-wide smart contact scheme for invoices. As such 
we would adapt this in a next iteration of the research 
conducted UK wide.  

IMPLEMENTATION 

Questionnaire Findings 

The data for the findings is taken from section 8.1 of 
Invoice Smart Contracts for Design SMEs Dissertation at 
Robert Gordon University. There were 15 respondents to 

the questionnaire with firms varying in size from one to 
eight employees, working on a range of projects from 15 
(see Questionnaire 13) to 200 (see Questionnaire 12). All 
respondents were based in the UK and were working on 
design-based projects within the construction industry.  

The results from the questionnaire confirmed late 
payment was thought of as an issue amongst AEC Design 
SMEs. Out of the 15 firms who completed the 
questionnaire, 73% agreed that chasing payment was an 
issue for them, whilst only 27% disagreed. The firms that 
disagreed stated they avoided late payment by issuing 
details of all the fees prior to starting work and invoiced 
using BACS transfer however these were not different 
methods from the other respondents. It could be down to 
factors such as fortune or because they filter clients, 
meaning they will turn them away if they seem 
untrustworthy. There was no way to confirm this without 
further research. One common characteristic was that all 
the firms that disagreed consisted of either one single seat 
SME or one employee working alongside them. However, 
this sizes of firm was not exclusive to avoiding late 
payment as there were other firms of the same size who 
found late payment to be an issue. It can be taken from 
this question that late payment was an issue for AEC 
Design SMEs regardless of their size.  

When asked about the average amount of outstanding 
unpaid invoices for their firm at one time, there was a very 
wide range of responses. Only two firms stated that they 
had no outstanding unpaid invoices, while the rest of the 
responses varied between one and 35, resulting in an 
average of seven. The value of these invoices also varied 
considerably, from £800 to £40,000 with an average 
amount of £6770, slightly lower than the Tide UK average 
of £8,500 (Penney, 2020). A reason for this could be that 
the respondents consisted of Design SMEs with a small 
number of employees, the largest having only eight. In 
contrast the research by tide was for all SMEs, meaning a 
firm could have up to 250 employees (European 
Commission, 2020) which would mean the firm would 
presumably have a higher turnover which would increase 
the numbers as they are dealing with higher value 
invoices. 

With regards to hours lost per day, 53% of the firms 
stated that they lost very little or no time chasing unpaid 
invoices, and the highest figure for this question was one 
hour spent chasing up outstanding invoices per day. 
Despite firms having low to no hours lost per day the 
questionnaires showed that late payment still caused 
issues for design SMEs with 66.7% of respondents 
agreeing that chasing late payment led to working outside 
normal hours and 60% stating that as an owner/manager 
they would spend unpaid hours chasing payment. One 
noticeable response to this part of the questionnaire was 
that “all non-billable work is unpaid, and we don’t pay 

ourselves by the hour.” (see Questionnaire 4). This could 

suggest that some owners of Design SMEs consider it 
normal practice to chase unpaid invoices outside working 
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hours and the number of hours spent on chasing payment 
could be higher than the results suggest.  

Despite slightly varying figures for most parts of the 
questionnaire, there was concensus that no firms had a 
solution for establishing trust that a new client would pay 
their invoice. Some respondents suggested requiring a 
signed acceptance (see Questionnaire 1) and requiring 
payment prior to release of final output (see Questionnaire 
15) but none of these methods can negate late payment. 
Background checks were also suggested in one response 
(see Questionnaire 11) however, this method could only 
be used with commercial clients and there is still no 
guarantee of payment. There was one noteworthy answer 
where a firm stated they “deliberately don’t advertise, so 

all work is retained by referral.” (see Questionnaire 4). 

This method may provide some security, but it also limits 
the type and amount of work that the Design SME could 
get, whilst still carrying the risk of late payment.  

Despite late payments being an issue amongst firms, 
40% of respondents stated that they would carry out work 
for clients with outstanding invoices again, with one 
explaining they had no choice in the current economic 
climate (see Questionnaire 6). Only 20% of firms 
responded that they would refuse to carry out work for a 
client with late payments. The remaining 40% stated they 
would possibly do so but that it would depend on the 
reasons behind the late payment. In response to the 
question on how firms would guarantee that they do not 
have to chase a client for outstanding payments again, the 
respondents provided a variety of solutions such as asking 
for a deposit (see Questionnaire 4) or adding interest to 
the value of the invoice if payment is late again (see 
Questionnaire 14). While these methods can help to 
reduce the financial impact for the SME, they could still 
lead to late payment. One answer provided a solution to 
late payment and that was requiring payment up front (see 
Questionnaire 5).  

The answers provided from the quesionnaires have 
confirmed that late payment is an issue amongst the 
majority of AEC Design SMEs and that with their current 
invoicing process there is no way to establish trust with a 
new client. They have also found that for some Design 
SMEs if they have suffered from late payment from a 
client in the past they have no choice but to work with that 
client again due to financial requirements. This proves 
that a solution is required to reduce or negate the risk of 
late payment.  

Interview Findings 

The data for the findings is taken from section 8.2 of 
Invoice Smart Contracts for Design SMEs Dissertation at 
Robert Gordon University. 4 firms were interviewed as 
part of the research in the dissertation. These were a 
combination of both RIBA and CIAT registered firms 
based in the UK working on design-based projects within 
the construction industry. The firms had between 1 and 8 
employees and were working on both domestic and non-
domestic projects.  

We first set out to establish the current invoicing 
process that Design SMEs were using. It was found that 
none of the interviewed firms were using the stages set 
out in the latest RIBA plan of work (RIBA, 2020) due to 
its lack of flexibility for the type of projects Design SMEs 
work (see Questionnaire 4). Instead firms opted for their 
own stages as they would suit their business model better. 
One interviewee (see Interview 1) stated that they used 
stages similar to the RIBA plan of work 2007 (RIBA, 
2007). Initially Design SMEs would only include stages 
up to and including the Technical Design stage. If firms 
were to carry out work during the construction stage, this 
would be charged on a monthly basis rather than stages 
(see Interview 2). It was also found that SMEs would 
undertake tasks which are not included in the plan of 
work, such as site surveys. The small size of Design SMEs 
allow them to be flexible and carry out tasks that are 
traditionally not done by designers.  

Using the stages from the RIBA plan of work 2007 
(RIBA, 2007) and information gathered from the 
interviews the following is an example of the invoice 
stages an AEC Design SME could use for a design 
project: Site Survey, Concept Design, Design 
Development and Technical Design. 

The insight provided in the interviews (see Interview 
4) has also been used to create the Figure 2.  

Figure 2 shows the process of how work is carried out 
within each stage. The process provides flexibility for 
clients to make changes or identify faults in the work 
however this can be manipulated by continually claiming 
a change is required or something is not to their 
satisfaction in order to postpone payment. Issuing the 
invoice on completion or submission of work can also 
invite late or non-payment. It also gives the opportunity 
for the stage to begin even if the client cannot afford it. 

Figure 2: Conventional Design Process.  
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The designer could delay issue of the final drawings 
prior to payment (see Questionnaire 14) however the 
majority of the information has already been issued to 
allow the client to give their approval which means there 
is no incentive for them to make the payment. This point 
was reiterated by an interviewee who stated “It is not like 

BT where you can cut off the internet. There is no loss for 
clients if they do not pay.” (see Interview 2).  

These failings described affect the designer however 
the existing process can also have a negative effect on the 
client. During the period where the designer is carrying 
out the work there is no input from the client where the 
designer could create unwanted variations from the brief 
in the design. It also provides an opportunity for the 
Designer to claim that the project is progressing even if it 
has not started. This is of detriment to the client if a 
timescale has not been agreed before the commencement 
of the project. 

When presented with the Initial proposed Smart 
Contract Staged Payment Process the interviewees agreed 
it could work (see Interviews 1,2,3 & 4) although there 
were concerns raised. There were a number of issues 
raised that would affect both the client and designer 
however there were 2 key issues raised. The first issue 
was how to clearly define when a level or goal has been 
met to trigger release of the funds, particularly in the 
design stage as design is subjective. The second issue was 
that the proposed process would allow the client the same 
opportunities to delay payment, therefore not improving 
the current situation (see Interview 4).  

The information provided from the interviews has 
found that the current invoicing process is flexible to suit 
the flexibility of Scottish AEC Design SMEs however it 
places the majority of risk with the designer and lacks 
transparency between both parties. The interviews also 
found that the initial proposed Smart Contract Staged 
Payment Process could work however it could be difficult 
to define when a goal has been met as design is subjective 
and clients could be presented with the same opportunities 
to delay payment. For Smart Contracts to be successful as 
a means of invoicing these failings will have to be 
addressed whilst maintaining flexibility. 

Prototype Findings 

An Escrow Smart Contract has been selected as the basis 
of the prototype (Zynda, 2020). Holding the fee in Escrow 
distributes the risk more evenly between the Design SME 
and the client. It is also a much fairer method than the 
client paying up front or the designer requesting payment 
on the completion of work. The code starts by defining the 
version of Solidity that is used. As Solidity is a new 
computing language it is under development and 
changing to add new features and fix bugs (Fernandez, 
2018). We have used the Enum states which are the states 
the contract will be in depending on project progress. 
When the contract is triggered by the Designer it will read 
“Awaiting Payment”. Once the client deposits their funds 

into the Smart Contract where they will be held the state 

will change to “Awaiting Delivery”. This is the point 

where the designer will carry out the work on the project 
and on completion the designer will request the client’s 

approval. When the client approves the work the Smart 
Contracts state will change to “Complete” and the funds 

will be released to the designer. The addresses are stated 
in the string as the buyer and the seller. The buyer is the 
client as they are buying or paying for the services of the 
Design SME. The seller is the Design SME as they are 
selling or receiving payment for their services.  

Modifiers are added to the string so that only specific 
addresses can use certain functions. The confirm delivery 
function for example has “onlyBuyer” in the string so that 

only the buyer (the client) can confirm that they are happy 
with the work. If this were not here then the seller (the 
designer) would be able to release the funds from the 
contract to their account, even if the work had not been 
completed. This makes the modifiers a safety feature to 
prevent manipulation of the Contract.  

Figure 3 shows how the Escrow Smart Contract will 
be used in a new invoicing process. The proposed process 
starts by the designer triggering the start of the Smart 
Contract however they will not commence work until the 
client has deposited the funds into the contract. The 
designer will know when the funds are deposited as the 
Smart Contract will change its status from “Awaiting 

payment” to “Awaiting Delivery”. The process is then 

divided into three phases that are pre-defined by the client 
and designer prior to the start of the project which are 
shown above (see Figure 5) in orange, blue and green. The 
three phases could be anything the designer and client 
agree upon prior to the start of the project, an example 
being plan layout, outlined structure, and material 
selection. The designer will complete work for the first 
phase and the client will give their approval or 

Figure 3: Smart Contract Design Process.  
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disapproval. An additional feature is to delay payment by 
a st number of days, should there be a reason to do so on 
the side of the client. On approval the Smart Contract 
status will change to “Complete” which will release a 
third of the total value of the stage to the designer. On 
release of the funds the Smart Contract will also trigger a 
child contract (Lifanova, 2019) which will start the 
second phase of the stage by requesting the client’s funds.  

Creating three phases within each stage is a solution 
in terms of issuing invoices as the Smart Contracts are 
automated however most SMEs currently use a manual 
drawing issue process. This would mean issuing more 
drawings would be more time consuming. To overcome 
this a form of automated drawing issue would be required. 
For this process we could use a form of .ifc representation 
secured by a smart contract on the sam Ethhereum chain 
and a secure viewer (Dounas et al 2020).  

This would also allow the information to be viewed by 
the client but not in a way that can be used which would 
maintain incentive for the client to give their final 
approval. The example uses three phases however any 
number of phases could be used. This provides flexibility 
to suit the business model of most Design SMEs. 

DISCUSSION 

The proposed process offers a safer and more efficient 
means of invoicing for design SMEs. It does this by 
distributing the risk more evenly by holding funds in 
escrow and improves transparency by involving the client 
more often by creating phases within each stage. There is 
still the opportunity for the client to slow or refuse 
payment however there is more incentive for the client to 
make the payment and if they refuse the financial impact 
is reduced as the designer is less heavily invested in the 
project. An immutable record of the clients approval is 
produced and stored on the Ethereum blockchain which 
can be used to remedy any disputes without the need for 
legal action. While not preesented as a global process, we 
believe that the work presented here is significant in the 
sense that it provides a model and prototype for 
incorporating escrow accoutns in the work of design 
SMEs in the AEC industry. The result of the introduction 
of this mechanism should be a reduction of time spent in 
invoice follow ups, a reduction in disputes and an increase 
in productivity. There are of course certain limitations in 
the research, on how clients might welcome this process. 
We are actively seeking to implemnt this prrototype in a 
Scottish SME, so thhat we can also survey clients. 
However there is a limitation to convinving clients to 
participate in this process as thy might percive it as ricky. 
As such we are seeking to implement this as a paralleel 
virtual process, where the clients and designr could 
compare between the two.  

CONCLUSIONS 

As identified earlier in this paper late payment is an 
issue amongst UK AEC Design SMEs as they rely on trust 
that a client will make payment. This paper aimed to 

investigate whether a Smart Contract invoicing 
mechanism would be able to solve the issue of late 
payment and be able to replace the existing system. A 
grounded methods study (Q&A) was carried out which 
identified that for a Smart Contract invoicing process to 
be successful and fair it would have to distribute the risk 
evenly between the client and designer more evenly than 
presently. It was also found that the process would have 
to be flexible to suit the nature of UK AEC Design SMEs.  

The Prototype Framework shows how a Smart 
Contract invoicing process could be used by a Design 
SME. It evenly distributed the risk between the client and 
designer by holding the funds in the neutral point that is 
the Smart Contract. It also creates a more transparent 
relationship between both parties by increasing the clients 
involvement whilst maintaining efficiency by combining 
the automated nature of the Smart Contract with an 
automated information issuing system. It also provides 
flexibility by allowing the designer to write the Smart 
Contracts in a way that will suit their business model, a 
critical factor to AEC Design SMEs invoicing process.  

Our paper successfully presents a framework that 
proves Smart Contracts could be utilized to create an 
automated invoicing process that reduces the risk and 
limits due to the loss of late payment for AEC Design 
SMEs.   
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ABSTRACT 

Blockchain technology has a potential for construction 

logistics, also within Sweden.  In this paper, a proposal of 

a blockchain system and its practical implementation is 

presented (the BLogCHAIN prototype). BLogCHAIN 

was preliminarily tested during the early construction of a 

school in Sweden, in November-December 2020. 

Methodologically, we reviewed studies on blockchain for 

construction logistics, interviewed the BLogCHAIN 

testers (suppliers and contractor’s operatives), and 

understood the test’s practical outcomes through 
sociomateriality. Our results include the confirmation of 

envisioned benefits when implementing BLogCHAIN 

(e.g. reducing accounting rework), but also a 

simplification from its initial conceptualization, mainly 

due to rigidly established work practices. 

INTRODUCTION 

Blockchain can be considered an emergent general-

purpose technology, making its potential implementation 

across applications and business fields quite versatile 

(Filippova, 2019). This versatility can also be reflected to 

its various definitions, which can be information-oriented, 

economy-oriented, and even approached through other 

lenses (e.g. sociomateriality) (Kifokeris & Koch, 2020). 

Nonetheless, blockchain is often described as a distributed 

digital ledger for peer-to-peer transactions (on various 

levels of decentralization), which are kept in a historical 

record updated through consensus (Singhal et al., 2018). 

For the construction sector, ever since early related 

works (e.g. Cardeira, 2015) there has been a growing 

interest on the potential implementation of blockchain for 

several applications. Current studies describe, 

indicatively, the utilization of smart contracts (i.e. 

blockchain-powered computer protocols facilitating, 

verifying, or enforcing contractual clauses (Cuccuru, 

2017)) for the automation and facilitation of progress and 

interim payments in procurement (Hamledari & Fischer, 

2021), securing BIM information exchange through a 

permissioned blockchain platform (Suliyanti & Sari, 

2021), and using blockchain to create a shared and secure 

data infrastructure for smart cities (Fu & Zhu, 2021). 

Considering construction supply chains and logistics, 

theoretical and exploratory studies have elaborated on the 

potential of blockchain for solving specific issues (e.g. the 

opportunistic behavior of supply chain actors in Qian & 

Papadonikolaki, 2020); a few efforts have even described 

related prototypes (e.g. in Shemov et al., 2020). However, 

studies documenting and analyzing actual use cases 

during the test implementation of such solutions, can 

scarcely be found. In this paper, we attempt to answer the 

research question of what such a targeted solution and its 

practical implementation could entail in, specifically, the 

Swedish context – where common logistics problems 

include flow disintegration, imprecise data retrieval, and 

accounting misalignments among the supply chain actors. 

Specifically, we present our proof-of-concept pilot 

BLogCHAIN (Building Logistics blockCHAIN), 

developed during the autumn of 2020 and tested during 

the early construction phase of a school building in 

Sweden (November-December 2020). BLogCHAIN was 

based on a previously conceptualized sociomaterial 

blockchain solution for integrated logistics flows. Our 

focus on the particular context of a single project in the 

Swedish construction sector aims to acknowledge the 

institutional specifities of different contexts. 

This paper unfolds as in the following. After the 

Introduction comes the section of Theory, focusing on 

sociomateriality, the integration of the logistics flows, and 

the combination of these foci into a blockchain solution 

for the Swedish context. Then, the research method is 

briefly decribed. Following is a targeted literature review 

on blockchain-related research for construction logistics. 

Then, the empirical part containing the description of 

BLogCHAIN, as well as documenting and analyzing the 

conducted tests, is elaborated on. Finally, a discussion 

featuring some critical insights, and the conclusions of 

this research, are offered. 

THEORY 

Sociomateriality 

The theory of sociomateriality emphasizes that the 

material and social aspects of (digital) technologies are 

inseparable and fused in practice (Orlikowski & Scott, 

2008,2016). Actions of utilizing the digital technology are 

no longer considered to be exclusively human properties, 

but are performed through interactions between humans 

and non-humans (Moura & Bispo, 2020). This interactive 
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co-shaping can in turn reflect the way in which the 

structure of an organization (or a constellation of actors) 

is realized (Moura & Bispo, 2020; Kohtamäki et al., 

2020);  the network of actors in a construction supply 

chain and logistics setup can be understood as such a 

constellation (Kifokeris & Koch, 2020). The inseparable 

entanglement of the material and social aspects of a digital 

technology (like blockchain), can provide the framework 

to describe the reconfigurations of work practices brought 

about by its introduction, as well as its further 

development (Orlikowki and Scott, 2016). 

Integration of supply chain and logistics flows 

Integrating the material, information and economic flows 

within construction supply chains, has been identified as 

a key factor for logistics optimization and project success 

(Palaneeswaran et al., 2000; Love et al., 2004). The 

information flow has been identified as the bidirectional 

flow of requirements between supply chain actors (Titus 

& Bröchner, 2005), the material flow as the flow of 

physical goods (Titus and Bröchner, 2005), and the 

economic flow as the transactions pertaining to assets, 

cost entities, monetary exchanges, and the integrated data 

on prices, billing and invoices (Kifokeris & Koch, 2020). 

Throughout the years, most studies on flow integration 

focused on the information and material flows (e.g. for 

choosing the best location for on-site temporary facilities 

(Golpîra, 2020)), and largely left the economic flow out. 

But blockchain technology can enable an event-driven 

integration of all three flows; those events can be 

conceived to include transactions between supply chain 

actors (such as the release of invoices and payments) via 

direct peer-to-peer information exchange after successful 

material deliveries, correct on-site placement, and 

resolution of work packages (Kifokeris & Koch, 2020). 

A sociomaterial take on blockchain for construction 

logistics with integrated flows 

Based on previous blockchain research, the theory of 

sociomateriality, the aforementioned vision of flow 

integration, and a field analysis on the Swedish 

construction sector (considering e.g. a type of business 

practice where public clients hire logistics consultants), 

Kifokeris and Koch (2020) conceived a blockchain 

solution for downstream construction logistics in the 

Swedish context. 

In particular, this solution entailed the setup of a 

permissioned private digital ledger for partially 

decentralized peer-to-peer information and economic 

transactions within a project-specific networked 

constellation of supply chain actors (featuring the clients, 

contractors, logistics consultants, and suppliers). The 

databases of the digital ledger databases were conceived 

as permanent and append-only, with the data stored and 

accessed in a historical record updated through consensus, 

and shared across all network nodes reflecting the 

constellation actors. As a permissioned system, it featured 

a reduced but existing need for in-between transactional 

verification. Its logic was based on proof-of-authority 

algorithms, where the consensus stake (agreed upon 

between the networked actors) is identity (Verhoeven et 

al., 2018). This in turn was envisioned to create power 

shifts in the network, as in the sociomaterial autonomy-

control paradox (Bader and Kaiser, 2017). A graphical 

depiction of this conceptualization is featured in Fig.1.  
 

 
Figure 1: Concept of the solution (Kifokeris & Koch, 2020) 

 

As shown in Fig. 1, the flow integration is accomplished 

as the transactions in the economic flow (e.g. issuing 

invoices) are connected to events in the information flow 

(e.g. placing purchasing orders) and/or the material flow 

(e.g. successful on-site material delivery). 

RESEARCH METHOD 

The research method of this study consists of: (a) a 

systematic literature review, (b) the collection of 

empirical data (before, during, and after the development 

and testing of BLogCHAIN), and (c) the integration of the 

literature review results and the empirical data. 

For the systematic literature review, the concept-

centric framework augmented by units of analysis 

(Webster and Watson, 2002) was used. The units of 

analysis emerged during the review, facilitating its 

revision in iterations. These iterations, partly attributed to 

the quickly expanding related research field, followed the 

abductive reasoning of qualitative research (Bell et al., 

2019). Furthermore, the systematic literature review was 

strengthened with the use of the references-of-references 

and “snowballing” techniques (Greenhalgh and Peacock, 
2005), while the conducted search comprehensive in order 

to avoid a narrow sample (MacLure, 2005). 

Empirically, we combined the sociomaterial methods 

of zooming in and out, meetings and interviews, 

observations, and participant mapping (Moura & Bispo, 

2020). These techniques were implemented (in various 

combinations) during the following four sessions: 

 

1. Before the development of BLogCHAIN. During this 

session we zoomed out with regard to the Swedish 

construction context, and tried to establish a bird’s 
eye view over a wide geographical region in Sweden, 

in order to find a suitable construction site that could 

act as a testing ground. Simultaneously, we 
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conducted participant mappings to scrutinize our 

contacts in the industry and their possible relations to 

the respective construction sites. We then gradually 

zoomed in and established (in early September 2020) 

the collaboration with the specific school building 

construction site, and the actors (i.e. suppliers and the 

contractor’s site managers) willing to test our app 

there. Afterwards, we conducted preliminary semi-

structured interviews to gather data on the supply 

chain and logistics work practices of the specific 

actors at the specific construction site (e.g. the 

existence of other IT solutions, and different degrees 

of systemic integration between the contractor and 

each supplier). These, in turn, introduced constraints 

and alterations in the development of BLogCHAIN, 

eventually leading its design, functionality, and user 

interface to depart (in certain respects) from the initial 

conceptual vision in Fig. 1. More elaboration on that 

is offered in section “Empirical part”. 
2. During the development but before the field testing 

of BLogCHAIN. The development of the app took 

place roughly between September and early 

November 2020, and started before the last round of 

the preliminary interviews was finished. The 

developed proof-of-concept was based on the 

conceptualized solution by Kifokeris and Koch 

(2020), but modified according to the practitioners’ 
input acquired in this and the previous stage.  

3. During the field testing of BLogCHAIN. After 

finishing the development of the application, a series 

of meetings were conducted with the testers over the 

span of two weeks, in order to assist them in its 

installation and guide them through its functionality 

and interface. Afterwards, the tests took place 

through the rest of November and December, 

designating the end-of-year vacation as the stopping 

point of the field testing. The tests consisted of the 

collaborating suppliers and contractor’s operatives 
carrying out supply chain transactions through 

BLogCHAIN. In order to not disturb the everyday 

work at the construction site, we agreed with the 

testers that the tests would run in parallel to the 

established way in which transactions were taking 

place – and not in replacement of those practices. 

During the tests, we conducted semi-structured and 

unstructured interviews with the testers, and engaged 

in observations as they used the application. More 

elaboration on the field testing is offered in section 

“Empirical part”. 
4. After the field testing of BLogCHAIN. We 

conducted semi-structured interviews with all the 

testers, in order to record their user experiences. 

 

Due to the COVID-19 pandemic, all interations with the 

testers were remote. Also, only the information allowed 

by all involved actors is disclosed in this paper. 

The literature review findings and the field data were 

combined to: (a) inform the actual development of the 

application – beyond the initial conceptualization of 

Kifokeris and Koch (2020), (b) understand the potential 

alterations in the work practices that can be realized 

through BLogCHAIN, (c) check which of the previously 

envisioned benefits and drawbacks of the blockchain 

solution did or did not materialize, and (d) document the 

delimitations and shortcomings of the pilot, while 

simultaneously gathering recommendations for its 

improvement and expansion. For this, the sociomaterial 

study framework by Moura and Bispo (2020), and the ten-

step decision path to determine when to use blockchain 

technologies by Pedersen et al. (2019), were used. 

LITERATURE REVIEW 

For the purposes of this study, the literature review fo-

cuses on the potential of blockchain for construction sup-

ply chains and logistics – both in general, and the Swe-

dish context in particular. 

In the case of general studies, according to Cardeira 

(2015), streamlining the construction supply chain 

through digital distributed ledgers, can reduce insolven-

cies like withheld payments. Wang et al. (2017,2020) and 

Nanayakkara et al. (2019) noted a facilitation of the in-

formation flow in downstream supply chain when tap-

ping into blockchain’s transparency and traceability. 

Lanko et al. (2018) posed that integrating blockchain 

with RFID sensor tagging can improve on-site logistics. 

Penzes (2018) noted that transactions through blockchain 

can lead to dynamic payments for logistics actors, and 

improved communication with the contractor. Moreover, 

the tampering with past logistics data can be avoided 

through the consensus required for the block updates and 

the storing of the complete transactional history (Penzes, 

2018) – something that can also reflect positively on is-

sues of productivity and efficiency (Shemov et al., 2020). 

Accounting rework and data errors across multiple ledg-

ers can be reduced, which in turn can bring time and cost 

savings (e.g. instant delivery notice) (Penzes, 2018). Ma 

(2020) identified three key legal issues when implement-

ing blockchain in construction supply chains, namely the 

restricted use of smart contracts to solely prescribed out-

comes, the shared data access and ownership, and multi-

jurisdiction concerns related to governing laws. Rodrigo 

et al. (2020) described using blockchain to make data 

transactions transparent and immutable in estimating the 

embodied carbon emissions along construction supply 

chains. Tezel et al. (2020) conducted a SWOT analysis 

showing that developing operational processes aligning 

with the supply chain actors and their roles, is a crucial 

step for embedding blockchain in construction supply 

chains. Qian and Papadonikolaki (2020) showed that the 

opportunistic behavior of logistics actors can be amended 

by shifting to a system- and cognition-based trust 

through blockchain-based data tracking and contracting. 

For the Swedish context, subsequent studies by 

Kifokeris and Koch (2019a,b,c; 2020) have gradually in-

vestigated the integration of the material, economic and 

information flows in the construction supply chain, 
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through a blockchain solution forming part of the value 

proposition in logistic consultants’ business models. In 

particular, Kifokeris and Koch (2019a) investigated the 

suitability of Swedish construction supply chains and lo-

gistics for the accommodation of a blockchain solution 

integrating the logistics flows, involving independent lo-

gistics consultants (usually hired by public clients in 

building projects) that can incorporate such a solution in 

their digital business model; the study then proceeded 

with a preliminary mapping of such consultancies oper-

ating in Sweden. In Kifokeris and Koch (2019b), the sci-

entific perspective of sociomateriality was initially intro-

duced in relation to a potential blockchain solution for 

integrated logistics flows, and the power shifts that such 

a solution would bring in constellations of supply chain 

actors in the Swedish context, was discussed; these con-

stellations included the typical case of large contractors 

internalizing logistics services, the atypical case of using 

independent logistics consultants, and the emergent case 

of third-party actors offering dedicated digital building 

logistics services. In Kifokeris and Koch (2019c), socio-

materiality was used to map potential benefits and threats 

pertaining to construction-related blockchain visions and 

prototypes (documented mainly in industry reports) and 

discuss how those can be extrapolated to a solution for 

integrated supply chain and logistics flows in Sweden. 

Finally, Kifokeris and Koch (2020) offered the socio-

material conceptualization of such a solution (see Fig. 1), 

mapped the ways in which such a solution transforms a 

generic logistics setup, planted the solution in a concep-

tual digital business model canvas for independent logis-

tics consultants, and customized the canvas on the busi-

ness of a specific consultant company (with the input of 

the company’s representatives). 
The general studies show that core blockchain prop-

erties, such as peer-to-peer transactions and record im-

mutability, can generate most of its envisioned benefits 

when used for construction logistics – like the avoidance 

of tampering with past logistics data, cost savings 

through the reduction of accounting rework, and the 

streamlining of payments to suppliers. When it comes to 

specific blockchain aspects, the digital ledgers and smart 

contracts are the ones principally considered to have the 

biggest potential for construction logistics. It can be ob-

served that the general studies conduct their investigation 

mostly on a conceptual level and follow a blended eco-

nomic flow- and information flow-oriented approach. 

Nonetheless, Tezel et al. (2020) and Qian and Papadoni-

kolaki (2020) do investigate social issues across the con-

struction supply chain, such as the facilitation of trust. 

However, none of the general studies elaborates explic-

itly on flow integration, nor adopts sociomateriality. 

The studies pertaining to the Swedish context do 

bring the attention to the issue of flow integration, and 

they introduce sociomateriality for a deeper considera-

tion of the transformation of work practices that could be 

realized through the implementation of a related block-

chain solution. However, while their context-specific ap-

proach can be considered as a methodological strength 

due to the consideration of institutional particularities, it 

also makes their conceptualizations (and especially the 

one in Kifokeris and Koch (2020)) vulnerable to any de-

parture from that particular context. As shown in the next 

section, this vulnerability actually materialized during 

the empirical part of the present study, since the absence 

and/or inactivity of certain supply chain actors initially 

considered in the conceptualized solution (the logistics 

consultants and clients, particularly), forced the develop-

ment and testing of a proof-of-concept that was reduced 

in comparison to the setup in Fig. 1. 

As an endnote, potential barriers and security issues 

when implementing blockchain for construction logis-

tics, are only limitedly considered in some studies (e.g. 

in Kifokeris and Koch 2019c, 2020; Ma, 2020; Shemov 

et al., 2020; and Tezel et al., 2020). Regarding potential 

barriers in adopting blockchain for construction supply 

chains and logistics, the common denominator of the 

aforementioned studies reveals that adoption success is 

affected by whether strategic objectives of logistics man-

agement can be achieved; at the same time, adoption can 

be impeded by the currently limited engagement with the 

technology within the construction sector. Considering 

security, the studies jointly highlight that there is cur-

rently a presumptive mistrust in the viability of block-

chain as a technology investment, while there is uneasi-

ness regarding a potential abuse of blockchain properties; 

e.g. illegal activities cloaked by the anonymity of the 

nodes, and tensions between the transaction parties due 

to the inflexibility of the smart contract clauses. 

EMPIRICAL PART 

Preparing the development of BLogCHAIN 

The site elected to host the field tests of BLogCHAIN 

accomodated the construction of a public school building 

in Sweden. At the time of the establishment (early autumn 

of 2020) of the collaboration, the early construction phase 

had started (e.g. laying of the foundations and the 

reinforced concrete structural system of the 

superstructure). The project’s main contractor is one of 
the four biggest construction companies in Sweden, while 

the main active suppliers at that point in time were the 

company supplying the concrete and aggregates in bulk 

quantities), a company supplying the steel for the 

reinforcements, and a company supplying a variety of less 

heavy materials (e.g. wood) in smaller quantities. Our 

correspondence was mainly established with one out of  

four site managers at the contractor’s side, and one 
operative in each of the aforementioned suppliers. 

Soon after the contacts were in place, a series of semi-

structured interviews with the colleagues mentioned 

above was conducted, in order to understand the 

specificities pertaining to the supply chain and logistics 

setup at the construction site. Through these interviews, it 

was confirmed that in most cases, the accounting systems 
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of the suppliers and the contractor were disintegrated and 

passed through different control nodes. Additionally, no 

independent logistics consultants were involved in the 

setup; the constellation in place was rather the typical one 

of the main contractor internalizing the logistics services, 

as descibed in Kifokeris and Koch (2019b). Moreover, the 

municipality did not exercise an active client role in 

overviewing the logistics processes (especially since no 

logistics consultants were hired in the first place), and 

instead preferred to let the contractor take care of those. 

When it comes to the role of transporters, no precise 

information was elicited in this preliminary stage; it was 

not ascertained whether they were parts of the supplying 

companies, or independent actors. Furthermore, a 

description of the established on-site work practices led to 

a reduction of the scope of the application’s 
implementation, and pointed to a set of partially different 

(and more demarcated) smart contract clauses and 

logistics flows than the ones described in the conceptual 

solution in Kifokeris and Koch (2020). 

These findings showed that the development of the 

blockchain application would have to depart from the 

conceptualization in Fig. 1 and lead to a proof-of-concept 

that would be in places simplified and/or altered. In 

particular, the only actors left to enact transactions 

through the application and participate in its consensus 

checks, would be the contractor, the suppliers, and 

(conditionally) the transporters. Additionally, the section 

of the stream of the material, economic and information 

flows on which the BLogCHAIN was to be implemented 

and attempt the flow integration, would start when the 

supplier issued the confirmation of the order already 

placed by the contractor, and would finish with the 

contractor accepting (or not) the supplier’s invoice (issued 
after the material delivery had taken place). As such, the 

steps before (e.g. the contractor issuing the order) and 

after (e.g. the payment of the supplier) this segment, as 

described in Kifokeris and Koch (2020), were left out. 

Finally, the subsequent smart contract clauses and checks 

depicted in Fig. 1 were replaced with the following 

partially different statements: (1) Is the purchasing order 

confirmation accepted? (mandatory) (2) Is the delivery 

receipt accepted? (man.) (3) Did the transporters of the 

delivery notify the construction before their arrival (if 

such an action had been agreed upon beforehand)? 

(optional check) (4) Was the material delivered at the 

right place? (opt.) (5) Was the labeling and the quantities 

of the delivery correct? (opt.) (6) Is the packaging (when 

applicable) of the delivery undamaged?  (opt.) (7) Is the 

invoice accepted? (man.). 

The difference between the mandatory clauses and the 

optional checks, reflects their ability to block (or not) the 

process in case of non-satisfaction. Non-satisfaction of the 

mandatory clauses prevents the transaction from being 

completed, while in the optional clauses it shows stumbles 

in the process, but does not prevent initiation of the next 

step. The clauses were respectively deemed mandatory or 

optional according to the interviewees’ collective input. 

Moreover, the sociomaterial constellation of actors led to 

a setup where, within the proof-of-authority algorithm, 

the consensus checks were to be replaced by checks 

performed by the contractor, and the transporters assumed 

a passive observant role. 

Developing BLogCHAIN 

The new concept of the blockchain solution that was used 

for the developed of BLogCHAIN is summarily depicted 

in Fig. 2. 

Figure 2: Updated concept of the blockchain solution 
 

Based on this concept, the development started while the 

previous preparatory stage had not yet finished. The 

development featured one iteration, in which new insights 

from the interviews were gradually acquired. 

In terms of technical documentation, BLogCHAIN 

was developed as an online application. Its user interface 

is suitable for both desktop PCs and smartphones, and is 

in Swedish. The infrastructure of BLogCHAIN utilizes 

the open source Hyperledger framework, and can be 

accessed through MetaMask, a crypto-wallet and gateway 

to blockchain applications. MetaMask functions as an 

extension for Google Chrome, a Google Play app, and an 

App Store app (for desktop computers, smartphones, and 

iPhones, respectively). BLogCHAIN can be found in 

https://constructionchain.blockalize.com/, but without an 

active MetaMark account, it cannot be accessed. 

The (PDF) files to be uploaded on the online 

repository connected to BLogCHAIN (e.g. invoices), and 

they are encrypted in Microsoft Azure (MAz). Using of 

MAz was a utilitarian choice, as it was aligned with the 

available development resources in the project. Future 

development may explore another, fully decentralised 

platform; however, this will have to be contextualized in 

the respective business case. The trust and transparency 

of a permissioned system may entail only a certain level 

of transparency, rather than true decentralisation using the 

InterPlanetary File System (IPFS). 

Testing BLogCHAIN 

Right after developing BLogCHAIN, a series of remote 

meetings were held with the testers, in order to help them 

with installing and using the application. In some cases, 

short subsequent meeting were held for clarifications. 
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The tests themselves consisted of transactions 

between the contractor and two out of the three contacted 

suppliers (the one delivering concrete and aggregates, and 

the one delivering the assortment of less heavy materials). 

These transactions were infrequent and spread during the 

testing period of November-December 2020. As a result, 

only a handful of transactions were recorded on 

BLogCHAIN by the end of the testing period, most of 

which initiated by the concrete and aggregates suppliers. 

This infrequency and sparseness had to do with the 

construction phase itself, which mostly entailed a few 

bulk deliveries of heavy materials, as well as the COVID-

19 pandemic crisis, which detained (to a certain degree) 

the supply chain and logistics processes. 

Interestingly, while the third supplier (delivering the 

reinforcement steel) had been present in the preparatory 

stage and had also installed BLogCHAIN after its 

development, they ended up not using the application at 

all. Shortly after the installation, this supplier informed us 

that their company already deployed an automated digital 

system for handling the flows between them and the 

contractor (e.g. the issuing of the invoices). That system 

was deemed by the supplier to be optimized for the 

company’s business model, and therefore the supplier lost 

interest in testing BLogCHAIN. 

It should be noted that during the tests, one of the 

authors maintained dummy accounts within BLogCHAIN 

for technical and functional reasons. Moreover, several 

informal communications were held with the testers, in 

order to monitor their testing attempts on a hands-on 

basis, and offer continuous technical support. 

After-test insights 

After the completion of the tests, semi-structured 

interviews were held with the testers to record their 

experiences. By comparing their established supply chain 

and logistics practices to the test transactions conducted 

through BLogCHAIN in parallel, the interviewees 

confirmed a number of envisioned benefits in the 

implementation of the application: tampering with past 

data was avoided; the single platform of BLogCHAIN 

meant that there was no work needed to consolidate 

different ledgers; and the integration of the logistics flows 

led to a streamlining of the process, along with fostering 

a somewhat higher degree of trust among the testers. 

However, the barrier of the practitioners’ almost absent 

previous engagement with blockchain, which made our 

pitch for the technology’s potential more difficult to get 

through, was also confirmed. 

The interviewees also provided proposals for 

improving BLogCHAIN, which were implemented 

before an iteration of the tests conducted in late January – 

early February 2021 (the presentation of which is beyond 

the scope of this paper); for this topic, even the supplier 

not participating in the tests offered some feedback, 

despite not having a user experience with BLogCHAIN. 

Central among those proposals were the conditional re-

involvement of the roles of the client and the logistics 

consultants, deploying a notification function for the 

transporters as they approach the construction site, and 

making provisions to accommodate the different roles of 

managing the sales and issuing the invoices that can exist 

within the same supplier company. Other proposals, like 

the system checking, on behalf of the suppliers, the 

clients’ creditworthiness, or the conduct of monetary 

transaction (possibly with the use of cryptocurrencies) 

were deemed interesting but out of the scope of this pilot; 

so they were categorized as recommendations for future 

work. 

DISCUSSION 

The discussion elaborates on the results of the literature 

review, our insights on choosing sociomateriality, and 

critical comments on the field testing of BLogCHAIN. 

Regarding the literature review, the relevant insights 

show that construction logistics can gain value by 

exploiting core properties of blockchain. Therefore, there 

is room for construction logistics to benefit from even 

baseline blockchain architectures, e.g. basic digital 

ledgers and/or simple smart contracts. However, this has 

to be coupled with more engagement with the technology 

within the construction context, and not only in regard to 

its functional aspects – but also its effect on work 

practices and sociotmaterial implecations. 

Our choice for a sociomaterial understanding did not 

only inform our background studies and choice of 

conceptual basis for the development of BLogCHAIN, 

but was also realized during our field tests. The 

prospective testers’ experiences at the preparatory stage 
informed the development of BLogCHAIN itself, the 

evolution of the pilot’s utility followed the the way it was 

used during the tests, and the recommendations we got 

afterwards – emanating from the social relations between 

the actors and the practcal work conducted in the supply 

chain and logistics constellation – were realizations of a 

sociomaterial co-shaping of the implementation of the 

digital technology with the related practices. 

The created value for the users involved was limited 

in the test, but nonetheless demonstrated the utility of 

blockchain in supporting transparent coordination. 

Deficiences in coordination are known to create quality 

defects, and transparency can help in ameliorating those. 

For example, more precise information on truck deliveries 

can reduce waiting times and on-site work interruptions. 

The prototype also highlighted the possibility of a 

more active and digitally supported role of the clients, 

despite not having a client node in the distributed digital 

ledger of the first iteration. Enabling the online 

surveillance of construction progress (especially the 

economic flows and accumulated costs) can be considered 

to provide the client with valuable knowledge, which 

could otherwise be considered to be accessed mostly by 

the contractor or indirectly through logistics consultants. 

The function of BLogCHAIN can also point to its 

integration with collaborative project delivery 

approaches, like integrated project delivery (IPD). Since 
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IPD entails collaborative efficiency and involvement of 

all project team members throughout the project lifecycle, 

BLogCHAIN could be a connecting facilitator of such an 

involvement when it comes to logistics – especially 

considering a potentially increased importance and 

activity of the roles of the clients and the consultants. 

Regarding the compulsory versus voluntary checks, 

some users (e.g. site managers) requested making 

blockchain transactions obligatory, while others (e.g. 

suppliers) preferred a more flexible solution maintaining 

some  voluntary transactions. This is a dilemma for future 

development; however, it can already be considered that 

to avoid unneccessary bottlenecks in the process it is 

maybe adviceable to keep most steps voluntary. 

Nonetheless, it is possible that in the future, blockchain 

can support standardized processes involving obligatory 

steps. On another note, this dilemma can also be reframed 

as an incentive problem, i.e. keep the checks voluntary, 

but reward participation and sharing with incentives. 

System disintegration seems to be a major deficit in 

the operation of the present prototype. Integration with 

other systems is crucial for the creation of value for the 

participating actors. However, the present project did not 

have enough resources to develop the necessary 

application programming interfaces (API) with other 

systems in the domain. Moreover, it is also a question of 

whether existing systems are designed in a way that 

makes (dis)integration easier or, actually, more difficult. 

CONCLUSIONS 

This paper sets out to discuss and analyze what  a targeted 

blockchain solution for construction logistics with 

integrated flows, along with its practical implementation, 

could entail in a specified context. Our theoretical 

framework drew on sociomateriality. In our research 

method we conducted a literature review on blockchain 

solutions for construction logistics, presented our proof-

of-concept pilot BLogCHAIN (Building Logistics 

blockCHAIN), and described the preliminary tests from 

utilizing BLogCHAIN in a construction site in Sweden. 

The results of the test were limited; they did show that 

this solution could be an important contributor to 

improved transparency along the economic, material and 

information flows in the construction supply chain. 

Recommendations of future work can include more test 

iterations on a pilot updated via the testers’ feedback after 
the first iterations, and the analysis of more related 

qualitative empirical data through a sociomaterial lens. 
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ABSTRACT 

Blockchain is a key enabling technology towards the 4th 

industrial revolution of the construction industry. The aim 

of this paper is to map uses of blockchain technology 

across the various phases in the lifecycle of built assets. 

Of interest to this paper is a new classification of block-

chain solutions in combination with other key enabling 

technologies, like Building Information Modelling and 

Internet of Things. The literature indicates that blockchain 

shows high potential for solving challenges across the en-

tire lifecycle of a project and has an especially high po-

tential to influence and possibly improve management in 

the Operation and Maintenance phase. 

INTRODUCTION 

The Architecture, Engineering and Construction 

(AEC) industry is well known for its low productivity, and 

slow adoption of process and technology innovations. In 

2016 AEC industry in Europe was ranked as the second 

least digitised sector, only above agriculture (Agarwal et 

al., 2016). Construction industry is highly project-based 

and characterized by high level of fragmentation and de-

centralisation, with most businesses being Small-Me-

dium-Enterprises (SMEs). At the same time, projects are 

very unique with little repetition and high complexity 

(Maciel, 2020). For this reasons, the digitalisation of the 

AEC industry is a complicated and slow process.  

Advancements in Building Information Modelling 

(BIM) are the basis for digital transformation of AEC in-

dustry (Mathews et al., 2017). The United Kingdom (UK) 

is one of the world’s leading countries in BIM adoption. 

Since mandating BIM for all public projects in 2016, the 

number of practices using BIM increased from 54% to 

69% in 2019, after a slight drop from 71% in 2018. That 

means that even in the UK more than 30% of practitioners 

are still not using BIM (NBS, 2019). At the same time, 

recent survey shows that only around 9% of projects in 

Germany are developed using BIM and only 52% of com-

panies have ever used BIM (PwC, 2019). Slow adoption 

of BIM might be caused by low client demand, lack of 

training and expertise, high costs (NBS, 2019), existing 

data processing and mostly analogue exchange methods 

(Nguyen et al., 2019). Many scholars claim (Mathews et 

al., 2017; Nguyen et al., 2019; Penzes, 2018) that block-

chain technology could provide a catalyst for BIM in 

reaching its full potential as it eliminates the problem of 

trust. Maciel (2020) believes that blockchain-enabled 

BIM might be the key to the digital transformation of the 

AEC and push it towards the 4th industrial revolution.  

The purpose of this paper is to provide a new classifi-

cation system from the perspective of lifecycle manage-

ment through a methodological review. The research 

question that this study addresses is: to what extend is 

blockchain technology useful across lifecycle phases of a 

built asset and what are the inter-relations between block-

chain use cases, BIM and Internet of Things (IoT). 

RESEARCH METHOD 

Although blockchain is relatively new technology its 

innovative character has drawn the attention of many re-

searchers around the world. There are already several lit-

erature review studies (Erri Pradeep et al., 2019; Götz et 

al., 2020; Hunhevicz and Hall, 2020; Kim et al., 2020; 

Kiu et al., 2020; Li et al., 2019; Nawari and Ravindran, 

2019a; Perera et al., 2020; Turk and Klinc, 2017; Wang 

et al., 2017; Ye et al., 2018) and industry reports (Gerber 

and Nguyen, 2019; Kinnaird and Geipel, 2017; Nguyen et 

al., 2019; Penzes, 2018) about possible blockchain appli-

cations in AEC industry. In this paper we will classify 

blockchain applications from the above-mentioned litera-

ture by using meta-analysis method. 

Firstly, the principles of blockchain will be briefly ex-

plained and then its potential applications in AEC indus-

try will be identified. Afterwards, a classification of 

blockchain use cases according to their integration with 

BIM and Internet of Things (IoT) technologies and their 

relevance for each lifecycle phase of a building project 

will be presented. Finally, the challenges of blockchain 

implementation will be discussed. 

BACKGROUND 

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 cryptocur-
rency named Bitcoin. DLT is a database of transactions 

which is stored in a network on multiple nodes simultane-

ously, making it therefore decentralised and unchangeable 
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(described as immutable). A highly resilient network pro-

tocol and consensus mechanism enable all participants of 

the network to interact with each other in a peer-to-peer 

manner and thus there is no need for intermediaries and a 

third party controlling the network. All interactions are 

cryptographically secured and added to an immutable rec-

ord of transactions which is then a single source of truth 

(Perera et al., 2020). 

Blockchain is often described as a powerful and dis-

ruptive force that can transform the industry and drive the 

economy on a global scale, as it creates an entire new par-

adigm for building data collection (Kinnaird and Geipel, 

2017; Mathews et al., 2017). The invention of blockchain 

and the impact it may have on the world has even been 

compared to the invention of the Internet (Kinnaird and 

Geipel, 2017; Maciel, 2020; Nguyen et al., 2019). Block-

chain has already had a disruptive impact on banking, fi-

nance, insurance, health, and education sectors and as dis-

cussed herein, may have the potential to transform AEC 

industry (Kim et al., 2020; Nguyen et al., 2019). Con-

struction projects might be seen as an ideal test case for 

blockchain implementation as they are involving often 

numerous stakeholders with high degrees of distrust, re-

quiring a trustworthy, independent, open and secure rec-

ord of information (Mathews et al., 2017). 

Since the emergence of Bitcoin – the first use case of 

blockchain technologies, known also as Blockchain 1.0 – 

it was understood that blockchain could have diverse ap-

plications beyond cryptocurrencies. Blockchain 2.0 was 

introduced in 2015 with Ethereum being an alternative 

platform to Bitcoin (Nawari and Ravindran, 2019a). One 

of the most fundamental and disruptive innovations ena-

bled by blockchain 2.0 were smart contracts which are 

digital programs requiring no middlemen, that execute de-

fined terms automatically once predefined conditions 

have been met. Decentralised Autonomous Organisations 

(DAOs) are a special type of smart contracts, which re-

sembles a form of an organisation working on a block-

chain. Unlike traditional organisation they exist only in 

the blockchain and therefore have no CEO, board of di-

rectors or headquarters (Kinnaird and Geipel, 2017). Ap-

plications based on a blockchain that are not run by an 

intermediary are called DApps. DApps enable direct user 

interaction with the blockchain, usually through web user 

interfaces (Hunhevicz and Hall, 2020). 

Blockchain 3.0 aims to improve the biggest shortcom-

ings of previous versions such as transaction time, scala-

bility, and ease of implementation (Nawari and Ravin-

dran, 2019a). The next version - Blockchain 4.0, addition-

ally will leverage upon the advantages of integrating Ar-

tificial Intelligence (AI) which will enable the system to 

make decisions and act without direct need for human in-

tervention (Kiu et al., 2020). Blockchain technology is 

still evolving, and there might be a range of possible ap-

plications which are still to be discovered. 

BLOCKCHAIN APPLICATIONS IN AEC 

A report from Institute of Civil Engineers (Penzes, 

2018) indicates that blockchain can tackle problems such 

as lack of accountability, transparency and efficiency in 

construction industry. According to Mathews et al. (2017) 

‘Blockchain’s core strength is that it can provide a solu-

tion to the problem of trust’. Blockchain-powered smart 

contracts may help to solve serious problems of late or 

withheld payments in construction projects which often 

lead to project failures and disputes between stakeholders 

(Wang et al., 2017). Penzes (2018) identifies three poten-

tial areas of blockchain applications in construction indus-

try: Payment and Project management, Procurement and 

Supply Chain Management and BIM and Smart Asset 

Management. 

The concept of blockchain-based platform for pay-

ment and contract management is one of the most valua-

ble applications of blockchain in the construction industry 

(Kim et al., 2020). Such a platform could be used through 

the whole lifecycle of a project to enable transparent and 

effective collaboration on every level between all stake-

holders (Gerber and Nguyen, 2019). Application of smart 

contracts ensures that every action, like automatic initia-

tion of payments, always happens according to contrac-

tual terms, therefore eliminating the problem of late pay-

ments. Also a selective-transparency in payment records 

in blockchain based data model is possible when needed. 

For instance, sensitive financial information can be shared 

privately between two contracting parties, while non-sen-

sitive payment-related information can be seen by all pro-

ject participants (Das et al., 2020). 

Payment management is not the only opportunity for 

application of blockchain technology. It may revolution-

ise the current supply chain management by improving its 

integration, co-ordination and logistics (Kinnaird and 

Geipel, 2017). Blockchain technology can also be a solu-

tion for managing BIM models through the whole lifecy-

cle of a building project. Both BIM and blockchain share 

the ability to serve as a single source of truth (Di Giuda et 

al., 2020). Blockchain enables an immutable record of 

changes of a BIM model as well as immutable record of 

ownership of a model or of a digital component (Gerber 

and Nguyen, 2019). For managing BIM models a Decen-

tralised Common Data Environment (DCDE) was pro-

posed, instead of traditional central cloud-based storage 

(Kinnaird and Geipel, 2017; Nawari and Ravindran, 

2019a)  

Li et al. (2019) have outlined other potential applica-

tions of blockchain technology for the built environment 

such as smart energy, smart cities, sharing economy, 

smart government, intelligent transport and business mod-

els. For the scope of this review paper, these applications 

will be omitted in the classification, as they cross over into 

other sectors.  

Hunhevicz and Hall (2020) summarised all blockchain 

use cases in AEC industry into 7 categories: Internal use 

for administrative purposes, Transaction automation with 
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smart contracts, Immutable record of transactions, Immu-

table record of assets/identities, Coins/tokens as payment 

for incentive scheme, Decentralised applications 

(DApps), Decentralised Autonomous Organizations 

(DAOs). Wang et al. (2017) proposes another new use 

case for asset management which is blockchain-enabled 

equipment leasing platform. Another recent systematic 

literature review from Kiu et al. (2020) classify block-

chain use cases in a similar manner to Penzes (2018), but 

with two additional categories. Firstly, real estate man-

agement which includes previously mentioned use case 

for record of property ownership, for example blockchain 

enabled land title registry. Secondly, funding manage-

ment which is a relatively new proposal for a blockchain-

enabled crowdfunding platform to raise funds for certain 

projects (Kiu et al., 2020).  

BLOCKCHAIN, BIM AND IOT 

Both industry and academia reports (Kinnaird and 

Geipel, 2017; Ye et al., 2018) indicate that blockchain, 

BIM and the IoT are three technologies which are cur-

rently having a profound impact on the AEC industry. It 

is difficult to analyse the benefits of a single technology, 

as they are complementary to each other and it is their in-

teraction that enables new applications in AEC industry 

(Ye et al., 2018). In this section (and in Figure 1) a clas-

sification of blockchain use cases according to the inte-

gration of blockchain, BIM and IoT is presented.  

The biggest advantages that integration of blockchain 

to BIM collaboration can offer are: an immutable record 

of changes of a digital model, assigning responsibilities to 

all stakeholders according to their roles and transparent 

record of data entries and ownership in BIM model. 

Through blockchain features such as decentralisation, im-

mutability of decisions and files, and protection of intel-

lectual property some of the shortcomings of centralised 

BIM implementations could be tackled (Dounas et al., 

2020). Linking BIM to blockchain enable the ability to 

track project progress and worked hours (Penzes, 2018).  

Blockchain technology can solve the limitations and 

risks of IoT data, such as vulnerability of central database, 

need of third controlling party or risk of data leakage (Ye 

et al., 2018). As a more and more devices, in transporta-

tion, infrastructure, energy, waste or water, become con-

nected, there will emerge a need for a trusted system able 

to process all transactions between those devices (Nguyen 

et al., 2019). Internet of Things will need a blockchain-

enabled Ledger of Things (Kinnaird and Geipel, 2017). 

One of the most often mentioned use cases of IoT and 

Blockchain integration in construction industry is track-

ing of supply chain logistics and record of maintenance 

and operations data (Qian and Papadonikolaki, 2020).  

A vision of a real-time Digital Twin can become real-

ity thanks to the integration of BIM, IoT and blockchain 

technology. At its basic level a Digital Twin is a digital 

representation of a built asset and their processes. Integra-

tion of BIM, blockchain and IoT has the potential to turn 

Digital Twins to live and always updated source of infor-

mation which may even operate autonomously through 

smart contracts (Götz et al., 2020). Another application 

which utilizes all three technologies is verification of ac-

tivities and installation tasks on the construction site (Di 

Giuda et al., 2020).  

Kinnaird and Geipel (2017) introduced a concept of 

the Blockchain of Circular BIM Things, which combines 

the use of blockchain, BIM and IoT with the concept of 

the Circular Economy, which can be defined as ‘a system 
that aims to create a more efficient and environmentally-

friendly economy through the re-use and recycling of ma-

terials’. Finally, the integration of these three technolo-

gies enables a secure, transparent and convenient Decen-

tralised Common Data Environment (DCDE), where BIM 

information and IoT data can be managed and stored (Te-

zel et al., 2020; Ye et al., 2018). 

BLOCKCHAIN ACROSS LIFECYCLE 

STAGES 

The Association for Project Management (APM) de-

fines 6 lifecycle phases of a project which are: Concept, 

Definition, Implementation, Handover and Close, Opera-

tions and Termination (Naybour, 2012). The RIBA Plan 

of Work 2020 organises the lifecycle of building projects 

into eight stages: Strategic Definition, Preparing and 

Briefing, Concept Design, Spatial Coordination, Tech-

nical Design, Manufacturing and Construction, Handover 

and Use (RIBA, 2020). For this work, and based on both 

the APM and RIBA lifecycle concepts, we will simplify 

the lifecycle of a built asset into 5 phases:  

• Preparation Phase,  

• Design Phase,  

• Construction Phase,  

• Operation & Maintenance (O&M) Phase 

• Termination Phase.  

In this section we will discuss how blockchain can 

support continuous use of digital information across the 

entire lifecycle of a built facility. A classification of use 

cases from recent literature according to their appropriate-

ness in each lifecycle phase is presented in Figure 1. 

Whole Lifecycle 

Numerous blockchain applications are relevant during 

the whole lifecycle of a built asset. Especially the idea of 

a Decentralised Common Data Environment (DCDE) is 

important for the entire lifecycle of a built asset, as it fa-

cilitates continuous collaboration between all participants 

of a project and ideally works as a single source of truth 

for all project information. Therefore, it is vital that 

DCDE upholds data security, quality, privacy and integ-

rity standards, which can be secured by blockchain (Na-

wari and Ravindran, 2019a). Using a blockchain platform 

means a perfect notarisation and synchronisation of doc-

uments during the whole project lifecycle. A blockchain 

records every creation, deletion, and updating of files, 

knows exactly the origin of every information and enables 
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their authentication and data provenance (Wang et al., 

2017). 

Most of the use cases of transaction automation with 

smart contracts, like triggering payments or contract de-

liverables, self-executing contract administration and au-

tomated data/information sharing (Hunhevicz and Hall, 

2020) are possible to implement in every phase of a pro-

ject. An idea of shared Project Bank Accounts and insur-

ances between multiple, independent stakeholders during 

the whole project was described as a good use case for 

blockchain implementation (Das et al., 2020; Li et al., 

2019). As blockchain is a base for Bitcoin, Hunhevicz and 

Hall (2020) consider payment in cryptocurrencies in AEC 

industry a worthwhile use case to consider.  

Cryptocurrency coins or tokens can also have another 

use than only for financial purposes. Mathews et al., 

(2017) propose the use of an #AECoin as a token to pro-

vide incentives over the whole building lifecycle. Project 

contributors would be rewarded with tokens for bringing 

valuable and long-term solutions to the project. This 

would create a win-win situation for both project owner 

and project participants, as they could build their reputa-

tion based on their rewards (Mathews et al., 2017). A 

blockchain platform would enable managing identities for 

reputation of people or firms for clear and trustworthy 

identification which could support stakeholder selection 

process. Based on digital identities Decentralised Market-

places for Products and Services could be established us-

ing DApps (Kinnaird and Geipel, 2017).  

Figure 1 Classification of blockchain use cases for all lifecycles of a building project, author’s representation. 
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Preparation Phase 

Typically, in the beginning of building projects, the 

use of digital tools is limited. However, even before the 

first BIM models are created there is a high potential for 

blockchain implementation. In order to use the advantages 

of applications described in the previous chapter from the 

very beginning and throughout the project it may be nec-

essary to define all future data needs for DCDE. Block-

chain enabled record of ownership, especially in cases 

such as land property, could significantly ease and speed 

up the process of purchasing land in the first steps of the 

project (Kiu et al., 2020). Some projects such as new land-

marks for a country or a city typically requires raising sig-

nificant funding from investors. Blockchain enables the 

initiation of a safe, transparent platform for crowdfund-

ing, which can be  traced by anyone in later stages of a 

project (Kiu et al., 2020). 

Design Phase 

The design phase is a process of continuous develop-

ment of design models where collaboration among stake-

holders is essential. Blockchain enables the ability to store 

an immutable record of changes that all participants make 

to a BIM model (Di Giuda et al., 2020). Thanks to 

timestamping of transactions and tamper-proof guarantee 

the record is transparent and easy to follow. A crypto-

graphically secure digital signature protects data prove-

nance as well as the metadata such as timestamps or au-

thor information (Turk and Klinc, 2017). At the same 

time, the record enables stakeholders to publicly prove the 

ownership of Intellectual Property (IP) rights for whole 

BIM model or a singular component such as Revit fami-

lies (Erri Pradeep et al., 2019). Ability to prove IP rights 

during collaboration between stakeholders would enhance 

trust and be a big step towards enhanced BIM collabora-

tion (Nawari and Ravindran, 2019a). Blockchain mecha-

nism can be also used for decentralised design optimisa-

tion conducted by both human or artificial intelligence 

agents (Dounas et al., 2020). 

As the design process starts, a blockchain system can 

start recording all interactions between all stakeholders 

(Yang et al., 2020) as well as worked hours and submitted 

deliverables defined by different design packages. Based 

on that a smart contract can be prepared to initiate auto-

matic payments whenever defined milestones are 

achieved or deliverables are submitted in time (Penzes, 

2018). Blockchain enabled design process ensures an im-

mutable record of changes using any type of data, includ-

ing documents, pictures, videos or BIM, in the same time 

enhancing trust and accountability between all project 

participants (Yang et al., 2020). Blockchain technology 

would also be very advantageous in tender procedures. 

All the tender documents, such as the information models 

presented both by the client and by the bidders, could be 

stored in an immutable way. This would eliminate any 

possible operational ambiguity and ensure effective and 

fair competition (Di Giuda et al., 2020). 

Nawari and Ravindran (2019a) introduced Automated 

Code-Checking and Compliance (ACCC) Framework for 

the automation of the Building Permit Process in post-dis-

aster recovery. In their system the architect sends a BIM 

model for review to a building authority which is then ver-

ified and processed by a smart contract. Removal of an 

overseeing third-party could lead to significant savings by 

removing processing fees, diminishing paperwork and 

shortening the time needed to issue building permits. 

Moreover, such a platform provides transparency and se-

cure network services without interruption which is espe-

cially important in the process of rebuilding after a disas-

ter (Nawari and Ravindran, 2019b). Nevertheless, it is not 

hard to think how this solution could be applied on regular 

projects. 

The aforementioned examples show that blockchain 

has the potential to address many challenges during the 

design phases by clarifying liabilities, increasing the reli-

ability of information and improving the security of infor-

mation flow (Erri Pradeep et al., 2019). 

Construction Phase 

One of the most significate impacts that blockchain 

may have on the construction phase of a building is how 

it can change the supply chain logistics and management. 

According to Qian and Papadonikolaki (2020) blockchain 

has three main applications in the supply chain: tracking 

with help of Internet of Things (IoT), contracting through 

automation and application of smart contracts, and trans-

ferring of cash flows. These applications of blockchain 

can significantly enhance trust and transparency between 

participants and increase effectiveness and security of 

supply chain management (Qian and Papadonikolaki, 

2020; Tezel et al., 2020). Integrating innovative technol-

ogy such as blockchain into construction logistics will 

force organisations to innovate and change their business 

models, as the roles of individuals and internal business 

structures will change (Tezel et al., 2020). Kifokeris and 

Koch (2020) proposed a model for independent construc-

tion logistics consultants which ensures integrated eco-

nomic, material and information flow, improves process 

management, increase productivity and in the same time 

facilitates consultant’s competitive advantage. Each com-

ponent or material used in the project can be registered 

with a unique ID on the blockchain platform, creating a 

possibility for a digital identification – Material and Prod-

uct Passports. They enable tracking of each component 

from production, through the supply chain and its instal-

lation until it is reused or recycled (Penzes, 2018). Such a 

blockchain-based system for procurement would provide 

all stakeholder with transparent information about all the 

fabrication and design specifications, transportation and 

installation details and production and procurement de-

tails (Yang et al., 2020). 

The concept of triggering payments by smart contracts 

can be applied not only in the supply chain management. 

As in design phases, where submission of design pack-

ages triggers smart contract, construction tasks are the 
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triggering smart contracts (Penzes, 2018) For example, 

when a construction project reaches a specified structural 

level, such as frame stage, lock-up stage etc, an automated 

payment from project client to the general contractor 

could be triggered by execution of the smart contract. 

Consequently, based on the contract conditions, all related 

payments, stipulated as smart contracts between the gen-

eral contractor and their subcontractors or suppliers, could 

be automatically activated (Wang et al., 2017). Activities 

at the physical delivery, such as verification of installation 

tasks, could also be coded into a smart contract and con-

sequently trigger payments (Di Giuda et al., 2020). 

Leasing heavy equipment, such as cranes or loaders 

instead of purchasing them is becoming an increasingly 

frequent option for contractors. The traditional leasing 

process is often inefficient and time-consuming due to a 

large amount of paperwork which needs to be done. Mov-

ing the leasing process to a blockchain platform could 

speed it up significantly, as all steps such as insurance and 

payment would be combined in one platform. Implemen-

tation of IoT sensors would enable automatic tracking and 

recording of operational status of the equipment such as 

electricity consumption, daily usage and abnormal 

breakout events (Wang et al., 2017). 

Operation and Maintenance (O&M) Phase 

Götz et al. (2020) identified many use cases of block-

chain and smart contracts for O&M phase. Blockchain 

technology could be a solution for storing operational data 

and storing maintenance, access, and activity metadata. 

Smart contracts can be used for automatic regulation of 

building systems, smart meter solution for water, energy 

and grid providers, automatic assignment of tasks for fa-

cility managers, tenant, work, and visitor hour registra-

tion, ID verification, additional work claims, enabling 

predictive planning for maintenance, and smart schedul-

ing. A blockchain-enabled Digital Twin could support 

processes and decisions (both strategic decisions making 

and on-field daily asset management) in a wide range of 

asset management activities (Götz et al., 2020). A verified 

record of maintenance and operation data is essential for 

facility managers. Thanks to blockchain the quality of the 

data from the IoT services can be appropriately verified 

and adjusted to contractual requirements. 

In order to provide facility managers a digital model, 

a sufficient BIM framework is required from the inception 

of the project (Götz et al., 2020). COBie (Construction 

Operations Building Information Exchange) models de-

fining data exchanges from the design and construction 

phases could be enhanced, or replaced by a blockchain-

enabled platform (Kinnaird and Geipel, 2017).  

Ye et al. (2018) proposed an automated Building 

Maintenance System (BMS) in the form of a Decentral-

ised Autonomous Organisations (DAOs) which could col-

lect data from IoT sensors and record them in the block-

chain enabled Digital Twin. In case of a failure of some 

component the DAO could respond to this event accord-

ing to the scheme of the smart contract. The proposed sys-

tem could automatically write a damage report, connect a 

designated service provider, or purchase a new compo-

nent without need for a human action (Ye et al., 2018). 

Tracking of supply chain logistics is also relevant in 

the O&M stage. A blockchain system records the history 

of the supply chain from the raw material preparation to 

offsite manufacturing, transportation, site construction, 

and until the final commissioning. Furthermore, Product 

Passport gives overview about all information of each in-

stalled product. As those information are always authentic 

and non-editable, in case of a serious defect of a product, 

the responsible party can be quickly identified and con-

firmed without tedious arguments (Wang et al., 2017).  

Termination Phase 

Reliable provenance of materials is crucial for sustain-

ability and responsible sourcing in the industry as the re-

use and recycling of materials can depend on the certified 

material specifications (Penzes, 2018). A Data record 

from the whole lifecycle of an asset and Product and Ma-

terial Passports provide knowledge about every element 

of a building and therefore allows for a sustainable reuse 

and recycling of materials. As we mentioned earlier, 

blockchain technology could be a significant step in the 

move towards adoption of Circular Economy principles in 

AEC industry (Nguyen et al., 2019). 

DISCUSSION 

This study presents an alternative classification of 

blockchain use cases in the AEC industry to further the 

research on the topic. Our classification affirms that 

blockchain may be advantageous at all lifecycle stages 

and facilitates the advancements of BIM and IoT. As seen 

in Figure 1, blockchain and BIM use cases are mostly rel-

evant in the Design phase of a project, while blockchain 

and IoT integration is applicable in Construction and 

O&M stage. As most of the literature presents theoretical 

use cases rather than practical implementation of block-

chain technology in the industry (Tezel et al., 2020), fur-

ther research should focus on prototypes and case studies. 

The development of blockchain enabled DCDE is espe-

cially important, as it is intended as a base and a single 

source of truth during the entire lifecycle of a built asset. 

Transaction automation with smart contracts is rele-

vant in all lifecycle phases of a built asset. The contents 

of a smart contract may be adjusted to deliverables of any 

lifecycle phase and trigger payments between any partic-

ipants of a project. Despite this, a major challenge for the 

implementation of smart contracts is the lack of legal im-

plications, lack of regulations, the complexity of coding 

them and transaction longevity (Li et al., 2019; Tezel et 

al., 2020). The idea of coins/tokens as payment for incen-

tive scheme in construction industry was also proposed by 

various authors, however, it is questionable whether pay-

ments with cryptocurrency would be accepted. 

One of the most elaborated area of blockchain adop-

tion in the literature is Supply Chain Management, which 
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occurs during the Construction phase. It might be caused 

by the relevance of this topic to other industries which are 

generally much more advanced in the adoption of techno-

logical innovations. During the Design stage BIM models 

are intensively developed, therefore the collaboration be-

tween multiple stakeholders is essential. Blockchain is of-

ten described as a hope for advancement to BIM Level 3, 

which is the base for the 4th industrial revolution of the 

industry. However, the integration of those two technolo-

gies is facing many challenges such as poor technological 

state of the industry, lack of skills, interoperability and 

scalability problems (Li et al., 2019; Tezel et al., 2020).  

Blockchain use cases in the O&M phase have the po-

tential to disrupt the whole FM sector. As the amount of 

project information increases with each lifecycle phase, 

the O&M phase contains the greatest amount of infor-

mation which needs to be managed by facility managers 

and therefore the need for blockchain implementation is 

very high. The integration of BIM, IoT and blockchain 

technologies is essential to achieve the goal of a real-time 

Digital Twin and automatic BMS. Implementing such a 

blockchain based Digital Twin in FM practice could have 

a profound effect on the effectiveness and sustainability 

of buildings during their whole lifecycle.  

CONCLUSION 

Blockchain technology is rapidly evolving and may 

have a disruptive influence on the AEC industry, as it al-

ready has in other sectors. This paper has described the 

basic principles of blockchain technology and listed re-

cent advances in implementing blockchain in the AEC in-

dustry. A wide range of possible use cases were identified 

and classified according to their integration with other 

technologies and their relevance in each lifecycle stage. 

Recent literature indicates that blockchain technology 

shows great potential for solving challenges faced by the 

construction industry across all lifecycle phases of a built 

asset and has an especially high potential in the O&M 

phase. Integration of BIM, blockchain and IoT may pro-

vide new opportunities for the Facility Management sec-

tor and should therefore be further explored in future re-

search. Also, the development of blockchain-enabled 

DCDE is highlighted as a very important step to achieve 

the goal of a real-time Digital Twin, which can become a 

single source of truth across the entire lifecycle of a built 

asset. A recommendation for future research to focus on 

practical case studies was also expressed in this paper. 
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ABSTRACT

We introduce our ongoing research on no1s1 (“no-

ones-one”), a meditation pod that aims to be the

first autonomous space. To frame our early think-

ing, we conceptualize what we call Decentralized

Autonomous Space (DAS) as a Decentralized Au-

tonomous Organization (DAO) linked to a physical

location. DAOs leverage a combination of Decen-

tralized Ledger Technology (DLT) and the Internet

of Things (IoT) to create self-governing coordina-

tion mechanisms through smart contracts. Therefore,

DAS can self-create and self-manage, and ultimately

self-own. DAS is presented as a potentially disruptive

paradigm of future housing and infrastructure with

wide-ranging implications to the built environment.

INTRODUCTION

Since Nakamoto (2008) published the fundamen-

tal ideas of blockchain in the Bitcoin white pa-

per, blockchain applications have increased across

many domains and industries. Blockchain is the

most prominent type of distributed ledger technol-

ogy (DLT), enabling direct peer-to-peer (P2P) trans-

actions of value across a decentralized network that

is not controlled by any single entity, but consensus

mechanisms (code) that incentivize the participants

towards collaboration. Bitcoin was the first and most

popular example of such a network. It created a new

decentralized monetary system and asset class. How-

ever, Bitcoin is likely only a first step towards a new

paradigm of economic coordination using blockchain

(Davidson et al. 2016, 2018, Miscione et al. 2019).

The rise of the Ethereum blockchain (Buterin

2014) led to the use of (turing complete) scripts called

”smart contracts” to encode logic for interaction with

transactions in the network. Smart contracts enable

the creation of new incentive systems and coordina-

tion mechanisms that do not rely on human coordina-

tion but still provide interfaces for human interaction.

There is much ongoing exploration of what new forms

of organization can be supported or replaced through

such blockchain based governance.

One of the most interesting new organizational

designs is called a decentralized autonomous organi-

zation (DAO). A DAO is a blockchain-powered or-

ganization that can run on its own without any cen-

tral authority or management hierarchy (Wang et al.

2019). The management and operational rules of a

DAO are solely governed by the rules encoded in

smart contracts. Through distributed consensus pro-

tocols or other crypto-economic incentives, the DAO

is able to self-operate, self-govern and self-evolve

(Wang et al. 2019). It is important to note the dif-

ference between a DAO and operations that use ar-

tificial intelligence (AI). An AI system is designed to

make internal autonomous decisions. By contrast,

a DAO only defines its coordination rules and gov-

ernance system. In this way it can make decisions

based on external input of participating actors (Vi-

talik Buterin 2014). These actors only need to own a

recognized address, so the actors can be machines, an-

other DAO, or a distributed group of human decision-

makers. Therefore, DAOs ultimately allow for coordi-

nation mechanisms between both humans and things.

In the past few years, several projects explored

the concept of DAOs (e.g. Decred (2021) on the pro-

tocol level, or Aragon (2021) on top of Ethereum on

the application level). For the most part, current

DAOs exist only in a virtual setting. However, it

is also possible that the purpose of a DAO is to sus-

tain a physical thing. A thing in turn can also con-

trol an address that holds funds and interact with

the DAO. McConaghy (2018) describes this new po-

tential reality as self-ownership of things. Physical

objects, in combination with the network of sensors

and connected devices often referred to as the inter-

net of things (IoT), can then autonomously transact

with humans and other things through a form of a

DAO. The DAO can also evolve its functionalities,

through either the use of AI or collective governance

of human participants.

There are various examples proposed for this new

vision, from futuristic ideas of artificial life forms (e.g.

the plantoids of Filippi (2020)) to self-ownership of

self-driving cars or the self-ownership of public infras-

tructure (e.g. power grids and roads) (McConaghy

2018). A key proposed benefit of self-ownership of

things is the removal of rent-seeking human interme-

diaries (i.e. the motivation for most organizations is

to derive some form of profit). Because DAO gov-

ernance mechanisms allow things and systems to be

self-sustaining and non-rent seeking, these things can

in turn only seek to cover operational expenses. The

savings could be passed on to the users, or profit could
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be fed back into other community-owned systems.

This ties into the potential of blockchain gov-

ernance to empower and scale communities aligned

with principles of the sharing economy (Pazaitis, De

Filippi & Kostakis 2017) or common pool resources

theory (Maples 2018, Rozas, Tenorio-Fornés, Díaz-

Molina & Hassan 2018). In theory, a DAO can set

up coordination mechanisms so that a community can

co-create the respective organizational system. In the

larger picture, this has the potential to shift current

power structures away from centralized corporations

towards user communities that decide on their own

system’s functionalities and governance rules.

Overall, DLT and IoT create new opportunities

to rethink ownership and autonomy of things through

decentralized coordination mechanisms. Given these

possibilities, we see a need to investigate how this will

impact the future built environment.

MOTIVATION AND CONTRIBUTION

The application of DAOs to create self-owning things

remains a conceptual idea with little application or

operalization. In particular, we find no existing ap-

plication of DAOs to physical spaces in the built en-

vironment. As described above, it seems that the ap-

plication of DAOs to the built environment is likely

to shape how physical space will be built, owned and

operated in the future. There is a need to investigate

the feasibility, opportunities, and challenges for the

application of DAOs to the built environment. There-

fore, the paper offers a starting point to conceptualize

what we call decentralize autonomous space (DAS)

through the current research project no1s1 - a self-

owning meditation pod.

First, we present a preliminary conceptualization

of DAS. The conceptualization serves as an overview

on areas that could be coordinated autonomously and

therefore as a road map for future research.

Second, to showcase the feasibility of autonomous

space, we introduce the ongoing research project

no1s1, a full scale building prototype that imple-

ments autonomy regarding chosen management as-

pects through DLT and IoT.

AUTONOMOUS SPACE AS DAO

We define DAS as the manifestation of a DAO linked

to a specific physical location in the built environ-

ment. To structure our thinking around potential

functionalities of DAS in consideration of the no1s1

prototype, we propose a preliminary conceptualiza-

tion in Figure 1. We identified two main categories for

autonomy: ”creation autonomous” and ”management

autonomous”. Furthermore, there will always be ”hu-

man interaction” because of the human-centered de-

sign of DAS.

Creation Autonomous

DAS has the ability to self-create. In the terms used

for the built environment, this means that a DAS

can commission and coordinate its own design and

construction. Design autonomy means that the DAS

creates a set of rules to solicit design proposals, and

then select a final design. Examples of blockchain-

based design management using DAOs show that it is

possible to coordinate the architectural design process

(Dounas, Lombardi & Jabi 2020). Construction au-

tonomy means that the DAS can request, approve and

monitor construction activities. While no current ex-

amples yet exist, blockchain-based governance mech-

anisms have been proposed for integrated project de-

liveries to manage construction projects (Hunhevicz,

Brasey, Bonanomi & Hall 2020). Creation autonomy

could also leverage exiting synergies with emerging

topics like mass-customization and product configu-

rators for modular construction (Cao, Bucher, Hall

& Lessing 2021), or new exploratory approaches of

autonomous digital fabrication and robotics (Pereira

da Silva & Eloy 2021), e.g. with drones (Wood et al.

2019) or self-reconfigurable robotics (Seo, Paik & Yim

2019). In most cases, financial autonomy (described

below) must be present at the initiation of the project

to commission the self-creation.

Management Autonomous

DAS has the ability to self-manage its own space. Au-

tonomy for space requires self-management of three

areas: finance, operation, and maintenance.

Decentralized Autonomous Space (DAS)

Management Autonomous
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Figure 1: Preliminary conceptualization of decentralized autonomous space (DAS).
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be fed back into other community-owned systems.

This ties into the potential of blockchain gov-

ernance to empower and scale communities aligned

with principles of the sharing economy (Pazaitis, De

Filippi & Kostakis 2017) or common pool resources

theory (Maples 2018, Rozas, Tenorio-Fornés, Díaz-

Molina & Hassan 2018). In theory, a DAO can set

up coordination mechanisms so that a community can

co-create the respective organizational system. In the

larger picture, this has the potential to shift current

power structures away from centralized corporations

towards user communities that decide on their own

system’s functionalities and governance rules.

Overall, DLT and IoT create new opportunities

to rethink ownership and autonomy of things through

decentralized coordination mechanisms. Given these

possibilities, we see a need to investigate how this will

impact the future built environment.

The application of DAOs to create self-owning things

remains a conceptual idea with little application or

operalization. In particular, we find no existing ap-

plication of DAOs to physical spaces in the built en-

vironment. As described above, it seems that the ap-

plication of DAOs to the built environment is likely

to shape how physical space will be built, owned and

operated in the future. There is a need to investigate

the feasibility, opportunities, and challenges for the

application of DAOs to the built environment. There-

fore, the paper offers a starting point to conceptualize

what we call decentralize autonomous space (DAS)

through the current research project no1s1 - a self-

owning meditation pod.

First, we present a preliminary conceptualization

of DAS. The conceptualization serves as an overview

on areas that could be coordinated autonomously and

therefore as a road map for future research.

Second, to showcase the feasibility of autonomous

space, we introduce the ongoing research project

no1s1, a full scale building prototype that imple-

ments autonomy regarding chosen management as-

pects through DLT and IoT.

We define DAS as the manifestation of a DAO linked

to a specific physical location in the built environ-

ment. To structure our thinking around potential

functionalities of DAS in consideration of the no1s1

prototype, we propose a preliminary conceptualiza-

tion in Figure 1. We identified two main categories for

autonomy: ”creation autonomous” and ”management

autonomous”. Furthermore, there will always be ”hu-

man interaction” because of the human-centered de-

sign of DAS.

DAS has the ability to self-create. In the terms used

for the built environment, this means that a DAS

can commission and coordinate its own design and

construction. Design autonomy means that the DAS

creates a set of rules to solicit design proposals, and

then select a final design. Examples of blockchain-

based design management using DAOs show that it is

possible to coordinate the architectural design process

(Dounas, Lombardi & Jabi 2020). Construction au-

tonomy means that the DAS can request, approve and

monitor construction activities. While no current ex-

amples yet exist, blockchain-based governance mech-

anisms have been proposed for integrated project de-

liveries to manage construction projects (Hunhevicz,

Brasey, Bonanomi & Hall 2020). Creation autonomy

could also leverage exiting synergies with emerging

topics like mass-customization and product configu-

rators for modular construction (Cao, Bucher, Hall

& Lessing 2021), or new exploratory approaches of

autonomous digital fabrication and robotics (Pereira

da Silva & Eloy 2021), e.g. with drones (Wood et al.

2019) or self-reconfigurable robotics (Seo, Paik & Yim

2019). In most cases, financial autonomy (described

below) must be present at the initiation of the project

to commission the self-creation.

DAS has the ability to self-manage its own space. Au-

tonomy for space requires self-management of three

areas: finance, operation, and maintenance.
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Finance Autonomous

Financial autonomy for DAS begins with the self-

storage of funds in a treasury. Every blockchain ad-

dress can hold funds in its native cryptocurrency.

Without such a treasury, self-ownership is not pos-

sible. Furthermore, DAS requires a form of revenue

generation. These funds can then be spent for needed

expenditures and investments. For example, revenues

can be used to pay for work (by humans or machines)

related to operation and maintenance, or for liability

insurance usually required for owners of assets in the

built environment.

Operation Autonomous

Operational autonomy is related to the technical sys-

tems of the DAS. Technical systems include the net-

work of control systems, sensors, and smart devices

currently found in most buildings and infrastructure.

For operational autonomy, the DAS should control

these systems through inputs from sensors and smart

devices (i.e. IoT). Technical systems can be reac-

tive or proactive. Reactive technical systems respond

to human activities within space. Proactive technical

systems influence human behaviour through incentive

mechanisms. For example, a DAS can use variable

pricing based on the demand of usage to influence

users. DAS can also use tokens or currency to influ-

ence decisions, such as the use of non-monetary in-

centives (e.g. reputation-based tokens) (Pazaitis, De

Filippi & Kostakis 2017) on the blockchain to incen-

tivize diligent behaviour (e.g. to prevent vandalism).

Maintenance Autonomous

Maintenance autonomy ensures longevity of opera-

tions. Therefore, the DAS needs the ability to detect

faults. If a failure or error occurs, the DAS must

be notified either through its sensing inputs, through

human feedback, or proactively through predictive

maintenance feedback from live usage data. In case of

necessary maintenance, the DAO needs coordination

mechanisms to define and commission the required

maintenance for the space.

Human Interaction

Finally, DAS must be capable of human interaction.

While in theory DAS could be fully independent of

human guidance (e.g. governed through the use of

advanced AI), it is unlikely that such governance will

be feasible or even desirable in the near future. In-

stead, the DAS will act autonomously for its own

creation and management by implementing the rules

and guidelines encoded in its smart contracts on the

blockchain. The selection and guidance of which rules

to use and what these rules do will require human in-

teraction and decision making. Therefore, we find it

most likely that humans will be involved in the deci-

sion making, functionality reviews, and execution of

physical work for a DAS.

Figure 2: Rendering of the final no1s1 prototype.

This is also related to the so-called “oracle prob-

lem” (Caldarelli 2020). In essence, the problem is

that blockchain can verify data integrity on its own

ledger and network, but cannot know if inputted data

by humans or sensors are correct in the first place.

This creates a gap between the physical and digital

world that can be intentionally exploited by malicious

actors. Therefore, a DAS should implement coordi-

nation mechanisms to reduce the possibility of wrong

data input. Most likely, this process will also involve

human action to check on the correctness of data,

e.g. through peer-review mechanisms. Nevertheless,

the DAS can stay in control of financial aspects and

coordinate work, so is still self-owning.

In addition to their role as users of the space, hu-

mans can also interact with DAS in other ways, such

as investing in the project, holding tokens that signify

ownership or decision-making rights, or working for

the DAS to provide a service (e.g. holding a mainte-

nance contract to clean the DAS). The challenge of

human interaction is to define coordination mecha-

nisms that align human interest with the long term

interests of the DAS. Here, insights from the concept

of sharing economy or common-pool resource theory

can guide creation of such governance mechanisms for

human interaction with DAS.

NO1S1 PROTOTYPE

We introduce no1s1, an ongoing research project

to build the first full-scale DAS prototype. The focus

lies on simple functionalities for the smart contracts

of the no1s1 DAO and their interaction with the phys-

ical space through sensors and smart devices (IoT).

It can be understood as a minimum viable prototype

(MVP) that will be extended and improved over time.

The main research purposes are:

• Demonstration of the concept of autonomous

space and its technical feasibility.

• Study and spark discussion on the socio-technical

impact of autonomous space.

• Identify technical, legal, and regulatory chal-

lenges of autonomous space for future research.
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Figure 3: Technical overview of the five proposed components for DAS. The information transition from the actors to the DAO needs to
be ensured, both directly through the front-end (orange arrow, counter-clockwise) and indirectly by capturing user behaviour at no1s1

(orange & red arrows, clockwise). The actors also need to understand the DAO response, either visualized in the front-end (blue
arrow, clockwise) or through interaction design at no1s1 controlled by the back-end (blue & purple arrow, counter-clockwise).

Functionality

The meditation pod is designed as a simple modular

constructed cube that will host a quiet internal space

for one person to meditate (see Figure 2). The pod

will be self-owned and self-operated by smart con-

tracts. The proposed revenue for financial autonomy

will be generated by offering time slots for quiet medi-

tation in exchange for currency. The electrical energy

that supports the system operations will be generated

from the top solar panels and stored in a battery.

The functionality of a mediation pod was cho-

sen because of several reasons. (1) The meditation

pod can be built as a small module that can also be

moved to various exhibitions for demonstration pur-

poses. (2) The meditation pod is relatively simple

to use with only one functionality and reduces effort

to think about complicated user interaction and user

interfaces. (3) The meditation pod requires enough

technical equipment to act as an effective proof of

concept but does not require extensive cyber-physical

coordination. (4) The use case aligns with the emerg-

ing concept of the sharing economy, offering a private

space that can be used by anyone.

Technical Setup

To connect the physical concept of no1s1 with the

digital world, the proposed technical setup of no1s1

is presented in Figure 3. We suggest five primary

interacting components for any DAS: the physical

space and equipment, the front-end, the back-end,

the blockchain-based DAO, and human participation.

These five components are needed to bridge the gap

between the digital and the physical world and trans-

mit data to the no1s1 DAO and back to the user or

the physical no1s1.

Actors

For human participation in no1s1, the autonomous

meditation space is provided as a service to human

users. In turn, the DAS earns rewards to pay for

operations and maintenance. Therefore, an impor-

tant part is the definition of human interaction (see

Figure 3, Actors). For that, two feedback mecha-

nisms are necessary to transmit information from the

actors to the DAO. The first mechanism is for di-

rect user interaction with the smart contracts (e.g.

payment) through the web front-end (see Figure 3,

counter clockwise orange arrows). The second, indi-

rect feedback mechanism captures user behaviour in

the physical space through IoT (see Figure 3, clock-

wise orange & red arrows). For now, the DAS only

considers users. Further human participation in the

DAS should be considered in future work. Humans

will need to make decisions about modifications or

changes to the DAS. Humans can also act as investors

providing input funds to the DAS or as contractors

who are paid funds by the DAS in exchange for work

performed.

no1s1 (physical)

For the physical space and equipment (see Figure 3,

no1s1), no1s1 requires several technical systems for

operation. First, the energy for the module is self-

generated through the solar panels. A battery stores

the energy and provide power for technical equip-

ment. If the energy level drops below a level that
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The meditation pod is designed as a simple modular

constructed cube that will host a quiet internal space

for one person to meditate (see Figure 2). The pod

will be self-owned and self-operated by smart con-

tracts. The proposed revenue for financial autonomy

will be generated by offering time slots for quiet medi-

tation in exchange for currency. The electrical energy

that supports the system operations will be generated

from the top solar panels and stored in a battery.

The functionality of a mediation pod was cho-

sen because of several reasons. (1) The meditation

pod can be built as a small module that can also be

moved to various exhibitions for demonstration pur-

poses. (2) The meditation pod is relatively simple

to use with only one functionality and reduces effort

to think about complicated user interaction and user

interfaces. (3) The meditation pod requires enough

technical equipment to act as an effective proof of

concept but does not require extensive cyber-physical

coordination. (4) The use case aligns with the emerg-

ing concept of the sharing economy, offering a private

space that can be used by anyone.

To connect the physical concept of no1s1 with the

digital world, the proposed technical setup of no1s1

is presented in Figure 3. We suggest five primary

interacting components for any DAS: the physical

space and equipment, the front-end, the back-end,

the blockchain-based DAO, and human participation.

These five components are needed to bridge the gap

between the digital and the physical world and trans-

mit data to the no1s1 DAO and back to the user or

the physical no1s1.

For human participation in no1s1, the autonomous

meditation space is provided as a service to human

users. In turn, the DAS earns rewards to pay for

operations and maintenance. Therefore, an impor-

tant part is the definition of human interaction (see

Figure 3, Actors). For that, two feedback mecha-

nisms are necessary to transmit information from the

actors to the DAO. The first mechanism is for di-

rect user interaction with the smart contracts (e.g.

payment) through the web front-end (see Figure 3,

counter clockwise orange arrows). The second, indi-

rect feedback mechanism captures user behaviour in

the physical space through IoT (see Figure 3, clock-

wise orange & red arrows). For now, the DAS only

considers users. Further human participation in the

DAS should be considered in future work. Humans

will need to make decisions about modifications or

changes to the DAS. Humans can also act as investors

providing input funds to the DAS or as contractors

who are paid funds by the DAS in exchange for work

performed.

For the physical space and equipment (see Figure 3,

no1s1), no1s1 requires several technical systems for

operation. First, the energy for the module is self-

generated through the solar panels. A battery stores

the energy and provide power for technical equip-

ment. If the energy level drops below a level that

makes the module insufficient for use, then no1s1 is

not operational. When a user wants to use the med-

itation pod, they will purchase access (see below for

front-end set up). In exchange, a user will receive a

QR code, which must be scanned by a camera to gain

access to the module. An automatic lock then opens

to unlock the entrance door. To ensure a comfort-

able environment, no1s1 includes LED light strips,

speakers for meditative music, and a fan for basic

ventilation. Motion sensors verify occupancy of the

meditation pod. For security reasons, we implement

an emergency exit button that users can press at any

time if they need to exit the space.

Back-end

For the back-end, no1s1 will require a set up to mon-

itor and control the physical systems (see Figure 3,

Back-end). For now, we control the physical systems

by Python scripts running on Raspbian OS and a

Raspberry Pi. Additionally, an Arduino-based max-

imum power point tracker (MPPT) is used to con-

trol the electricity flow between the solar panel, the

battery and the Raspberry Pi. The back-end en-

sures data transmission of captured user behaviour

and other relevant data of the technical systems to

the DAO smart contracts (see Figure 3, red arrows).

Moreover, it controls the technical equipment based

on the DAO response (see Figure 3, purple arrow).

Front-end

For the front-end (see Figure 3, Front-end), no1s1

requires a graphical web user interface that enables

human interaction with the no1s1 smart contracts.

The users can register and pay to access no1s1. It

also stores and displays finance, energy, and visitor-

statistics of no1s1 that are retrieved from the smart

contracts.

no1s1 DAO (Blockchain)

The smart contracts on the blockchain (see Fig-

ure 3, no1s1 DAO) represent the core elements of

no1s1’s autonomy. For now, we plan to deploy them

on the Ethereum blockchain. The smart contracts

control the main ”states” of no1s1 anchored in the

blockchain. Example states can be the amount of

funds owned by no1s1, whether no1s1 is operational

at a moment in time and access is possible, or if cur-

rent service is down. To change a state, a transac-

tion needs to be signed by the involved addresses.

The back-end can trigger transactions based on usage

data, either on a regular basis (e.g. battery charging

levels), or by certain actions (e.g. user verifies QR-

code). In addition, human actors can trigger trans-

actions through the front-end. If a state changes, an

event is emitted that can be caught by the front-end

and back-end (see Figure 3, blue arrows), which trig-

gers an update on the front-end or initiates technical

control mechanisms in the back-end respectively.

DISCUSSION

The presented ideas are in a very early state. The

research on the final prototype (see Figure 2) is still

ongoing, but an alpha prototype of no1s1 (see Fig-

ure 4) was constructed to test the feasibility of the

technical architecture. The alpha prototype imple-

ments and connects the needed technical components

(see Figure 3), although with still limited functional-

ity and usability. Nevertheless, the no1s1 alpha pro-

totype demonstrates that DAS is (within limitations)

already possible and has interesting application areas.

Figure 4: The no1s1 alpha-prototype tests feasibility of the
technical system.

Overall, we intend to stimulate with this paper

more thoughts and research around the topic of DAS.

For this purpose, and the challenge to discuss in depth

this early research, we present instead an incomplete

list of questions that appeared most interesting to us

when working on no1s1. The questions will also guide

our further research on the topic.

Conceptualization

• Which functionalities are necessary to define

space as autonomous?

• Will DAS ultimately replace current ownership

structures?

• What are the most promising application areas

of DAS?

• Does DAS necessarily involve concepts of the

sharing economy, i.e. is DAS in the end really

owned by no one, or instead by anyone?

• What are the worst possible outcomes with self-

ownership of buildings and infrastructure?
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Prototype

Technical aspects

• Which DLT is best suited for the no1s1 DAO

(Hunhevicz & Hall 2020)?

• How to ensure security against hacks of no1s1 as

in the infamous example of ”the DAO” (Mehar

et al. 2019)?

• How to achieve adaptability (e.g. replacing the

smart contracts) of the no1s1 DAO without risk-

ing manipulation?

• What are ways to increase trustworthiness of

data input into the no1s1 smart contracts, e.g.

how can no1s1 verify with certainty that work

tasks were done and determine whether a pay-

out is appropriate?

• How would AI be applied to DAS?

Socio-technical aspects

• How can a self-owning building be resilient

against exploitation or attacks by humans?

• Who designs and finances the house in the first

place when it is not a research project?

• Can the concept of self-owned houses lead to

lower living cost because there are no profit seek-

ing intermediaries?

• How to overcome socio-technical barriers for

no1s1 (Li, Greenwood & Kassem 2019)?

• Would organic growth of DAS be enough for

adoption or does it require external policies?

Regulatory and legal aspects

• Are new legal frameworks needed to deal with

autonomous entities?

• Do autonomous entities need to comply with cur-

rent legislation? How can this be assured if no1s1

is not programmed to do so?

• What if no1s1 becomes very rich but no one can

access the money?

• Is the house liable if it does not provide a

promised service or someone gets hurt inside?

• Does no1s1 have rights and could e.g. call the

police if rioters occupy it?

CONCLUSION

Decentralized autonomous space (DAS) could dis-

rupt the built environment in many ways. Self-

ownership of physical space would allow in theory

a self-sustaining and non-rent seeking built environ-

ment that could replace current organizational struc-

tures. We identified similarities to principles of the

sharing economy and community driven organiza-

tional structures as in common pool resource scenar-

ios. In the end, physical space could just ”be”, pro-

vide its services, and be used, co-created, and gov-

erned (within the specified rule-set of the DAO) by a

human collective.

Even though DAS seems futuristic, it is already

now possible to experiment with this new concept.

The introduced ongoing research on the prototype

no1s1 should demonstrate feasibility of autonomous

space. no1s1 - a mediation pod - is governed by a

DAO on the Ethereum blockchain that implements

aspects of operational and financial autonomy. How-

ever, the MVP still has many limitations and only

materializes a very small subset of what may be pos-

sible in the future. More insights are expected to

follow with further research and the construction of

the final no1s1 prototype.

Overall, this paper introduces our early think-

ing to help frame the research on no1s1, and intends

to draw attention to the possibilities and many un-

knowns on the topic of DAS.
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ABSTRACT  

Blockchain is considered a key technology of the digital 
revolution and the contraposition of stakeholders in the 
AECO sector made it the hoped-for means to trust each 
other. Construction site management due to its complexity 
and the pluralism of the actors involved  can be modelled 
as a BPMN choreography. This work aims to provide the 
construction domain with a framework for driving the 
digitalization of processes through exploitation of 
blockchains and smart contracts. The main contribution of 
this research is the application of blockchain for 
introducing trust in adversarial supply chain actors by 
notarizing the state of each intra-organizational process.  

INTRODUCTION 

Supply chain suffers from sophisticated flows of 
materials, information and capital that take place in a 
dynamic environment. This lead to the need of trustful 
bonds among partners in order to deliver a successful 
project on time and on budget (Pena et Papadonikolaki, 
2019). Consistency of reporting is still a challenge and 
delays are experienced between monitoring and the 
updating of the contract status. Nevertheless the use of 
blockchain for the integration of the material and 
economic flows within construction supply chain has 
been only scarced investigated (Kifokeris et Koch, 2019). 
Blockchain is expected to revolutionize computing in 
several areas, particularly where centralization is 
unnatural as it has been demonstrated for many 
construction processes. The reasons for this success lie 
mainly in the fact that blockchains and smart contracts are 
perceived as tools capable of ensuring decentralized data 
structures for better transparency and immutability. This 
is due also to the fact that smart contracts can be verified 
by a community of independent verifiers (Turk et al., 
2017).  

The decentralization of most construction industry 
processes can find its best representation in 
choreographies approach for Business Process Modeling 
Notation (BPMN) where control over a process instance 
is shared between independent parties, and no party has 
full control or knowledge during process runtime (Prybila 
et al., 2017). Choreographies create also new challenges: 
process owners must be able to trace the execution path of 

a process instance across the boundaries of the different 
process participants. At the same time the collected 
information must be trustworthy to serve as legal basis for 
contract enforcement.  

Full adoption of digitalization asks for a better 
management of data, where issues like integrity, 
provenance tracking, traceability, record keeping, change 

tracing and data ownership are resolved (Dimosthenis et 
Kotch, 2019). Blockchains are candidates to be tools able 
to guarantee these requirements and smart contracts are 
candidates to be tools capable of enforcing compliance 
with the agreed process steps.  

This work aims to propose an approach to process 
management in the construction domain through the 
storage of all the relevant data and events produced by the 
different participants in a choreography process. 
Therefore, the solution proposed in this work consists in 
adopting BPMN as a modeling language providing each 
participant with the possibility of designing their own 
internal processes and notating into the blockchain the 
occurred events and the ended activities, so that the 
current state of the process of each participant remains 
tracked.  

The original contribution of the work lays in the 
following aspects: 1. No work proposes to deal with both 
blockchain and smart contracts in order to to store the 
state of a business process and enforce the execution of 
choreography processes. 2. An interleaving semantics for 
BPMN choreography has been adopted in this work, 
which better models what happens when a blockchain is 
used. 3. Finally, a final contribution of this work consists 
in having implemented a module that derives the 
choreography diagram from the BPMN collaborations 
diagram.  

BLACKGROUND 

Blockchain application in construction 

Despite decentralization and fragmentation are 
typycal of AECO sector, its strongh capacity of resisting 
to new technologies adoption results in a slow research 
and introduction of blockchain that would be highly 
beneficial for processes efficiency (Yang et al., 2020). On 
the other hand, the numerosity and different interests of 
actors involved in a building lifecycle demand a wide 
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agreement in the adoption of this new technologies.   
Blockchains could be part of the solution for interlinking 
work processes, stakeholders and assets’ life cycle phases 
(Götz et al., 2020). 

Yang et al, 2020 reported some preliminary tests in the 
construction domain that addressed some well known 
criticalities of the AEC sector such as insolvency, 
administration time, transparency and traceability of 
supply chain, and information management in general.  

Blockchain is also often seen as a perfect tool for 
improving trust among actors involved in the construction 
process (Qian et Papadonikolaki, 2020).  

Furthermore, the blockchain can be used to pursue 
quality check and compliance with regulations for 
materials especially with reference to components that are 
hidden at the end of the construction. In order to obtain a 
connection between the phisical world of building 
components and the digital framework of smart contracts 
and blockchain the adoption of sensors (e.g. IoT, AI, 
BIM) is necessary.  

A thorough review of blockchain potentials in 
literature has been provided by the Construction 
Blockchain Consortium (Group FPW, 2020), which 
mentions transparency of transactions and reliability of 
data flow across the distributed supply chain among the 
most desired benefits induced by the integration of 
blockchains with the existing ecosystem of IT 
infrastructures and services in the AEC industry. 

Anyway blockchain based technologies offer some 
challenges to reach a complete and fruitful application (Li 
et al., 2018). Firstly the correct coding of transactions and 
smart contracts can represent a tough task since it is error 
prone and can invalidate the whole process. There is also 
another challenge that is well-known since it affects also 
cryptocurrencies: energy consumption required to satisfy 
the proof-of-work protocol may result in big demands of 
computational and electrical power that become 
significant if digital notarization will spread throughout 
multiple industry domains.  

Finally the AECO sector faces difficulty in 
introducing digital technologies because of hard training 
of staff. Due to the deep diffent background personnel is 
currently not skilled enough for an efficient adoption of 
the blockchain approach and the learning curve can not be 
ignored.  

Lastly, the costs of blockchain solutions represent a 
major concern in adopting blockchain systems. According 
to all these challenges the full adoption of blockchains 
must move forward along with progressive digitalization 
of the construction processes so as all the involved 
stakeholders could get the necessary knowledge and 
skills.  

Blockchain application for supply chain management 

Dynamics of trust in AEC supply chains represent the 
perfect scenario for introduction of blockchain 
technology. Most of the applications and studies focused 
on smart contracts applications (Caldera, 2019) while 

blockchain could be successfully employed also in the 
supply chain management for smoothing the construction 
process, sustaining long- term trustful relationships 
(Shojaei, 2019). Applications of blockchains for supply 
chain management provide vendors and suppliers with a 
tool for easy exchange required certificates in an 
immutable and authorized way. Buyers, on the other hand, 
can validate those certificates as well as examine the 
suppliers reputation by checking their previous track 
records on the blockchain.  

Specific means and tools for authentication of data are 
needed to reduce the probability of fraudulent activities 
throughout the supply chain. Wang et al., 2020 also 
worked on supply chain management developing a system 
for tracking information of precast constructions even if 
they did not focus on the connnection between physical 
and digital but still focusing attention construction 
processes more than administrative ones.  Lanko et al. 
(2018) propose the integration of blockchain, RFID, and 
GPS technologies in the logistics of construction 
materials to the purpose of enabling the tracking of the 
delivery of construction materials in real-time and a more 
accurate prediction of delivery time, which in turn 
minimizes losses due to delivery delays. 

The preparation of construction supply chains for 
blockchain requires a robust conceptualization and 
development of aligned operational processes with the 
roles and responsibilities of the stakeholders (Tezel et al., 
2020). 

This paper aims to suggest the application of 
blockchain with Business Process Modeling (BPM), 
where the activities of the organizations involved in a 
construction are formalized in the form of business 
processes that are first designed, and then executed by 
means of BPM engines. Business Process Modeling 
Notation (BPMN), a language for formalizing business 
processes, is a mature technology and its adoption by the 
AEC industry is increasing.  

In our view, the existing BPMN provides a flexible 
environment where blockchain and smart-contracts can be 
integrated to achieve a more transparent and efficient 
management of the several activities going on during a 
construction project. This further on allows the 
establishment of trust between stakeholders as 
information about when a document was created and 
latest managed makes it useable as evidence of work 
progression. 

Last but not least the blockchain assures the 
traceability of responsibilities and intellectual property 
rights, ensuring a higher speed for information exchange 
among actors at the same time.  
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METHODOLOGY 

Business Process Modeling Notation  

BPMN exploitation for inter-organizational processes 
still faces difficulties mainly owing to two limits (Ladleif 
et al., 2019):  
1. The ownership—each participant owns and thus 

control its own processes but does not own and thus 
can not control the processes of the other partici-
pants.  

2. The observability— each participant has difficulty 
observing the state of others’ processes.  

Basically BPMN has three different ways of 
representing processes:  

• Orchestration models (OMG, 2011) typically 
depict the coordination of processes from a single 
point of view. This type of model is therefore 
appropriate to describe processes within a single 
business entity or processes where there are 
several participants but the control remains 
centralized.  

• Collaboration models (OMG, 2011)  show 
different participants and their interactions (for 
instance, the whole Figure 1 is a collaboration 
model). In other words, a BPMN collaboration 
model is any diagram that contains two or more 
participants who have a flow of messages 
between them. Traditionally, the message flow is 
assigned to message brokers or Enterprise 
Service Buses (ESBs) like it can be seen in 
Figure.1. Collaboration processes allow 
participants to hide actual internal processes in 
order to provide flexibility for internal processes 
to change without “breaking” the 
interconnections.  

• Choreography processes represent a new type of 
model introduced with BPMN 2.0 (OMG, 2011). 
Its purpose is to purely represent the interaction 
between participants in a different format than 
collaboration models, focusing on the flow of 
messages rather than the individual detailed 
activities of a process.  

In this regard, a BPMN choreography provides a 
global perspective, a kind of contract between different 
parties, in which each party undertakes to comply with the 
terms of the contract (comply with the steps of the 
choreography). Therefore new object types have been 
introduced that include sender and recipient within the 
object and connecting sent / received messages to this 
object. In presence of several independent actors, 
choreographic models are considered the most suitable 
solutions to ensure the autonomy of each individual 
participant in following their internal processes while 
maintaining control over the interaction. The 
choreographic models, however, still present the problem 
of traceability.  

Blockchain and BPMN 

Blockchains offer a decentralized and secure approach 
to tracing and control, so it is not surprising that in recent 
years the use of blockchains in business process 
management, in particular process choreography, has 
attracted attention. Basically, from the point of view of the 
integration between BPM and blockchain, the blockchain 
can be used as storage for the purpose of traceability or as 
a platform for the execution of smart contracts with the 
purpose of enforceability. Therefore, the solutions 
proposed up-to-now can be grouped into two different 
approaches suitable for dealing with intra-organizational 
processes and in two different approaches suitable for 
dealing with real inter-organizational processes.  

• The first approach relies on using the blockchain 
as storage to track the events of an orchestration 
process. This approach has already had 
commercial applications (Auberger et 
Kloppmann, 2018)(Palacin, 2017)(Chnard, 
2018)(García-Bañuelos et al., 2017)(López-
Pintado et al., 2019).  

• The second approach relies on using smart 
contracts to perform orchestration processes. 
This approach consists of translating the 
orchestration processes into smart contracts. This 
approach has had some success aswell, in 
particular Lorikeet and Caterpillar (Tran et al., 
2018) are two systems that deserve a special 
mention. 

Solutions based on this approach are appropriate to 
ensure enforceability for intra-organizational processes as 
they are centralized, but they are appropriate for neither 
inter-organizational choreography processes nor 
traceability.  

• The third approach relies on using the blockchain 
as an immutable data storage to share the 
execution status of the choreography and to track 
events. Namely, the blockchain is used as a 
passive storage and as single source of truth. 
Weber et al. (2016) and Prybila et al. (2020) 
proposed to store the messages exchanged by the 
participants in the choreography. Hull et al. 
(2016) propose an artifact-centered approach. 
Each participant publishes its artifacts on the 
blockchain and can have access to the artifacts 
produced by the other participants.  

On the one hand, this approach has the advantage of 
solving the problem of traceability. On the other hand, it 
does not solve the problem of local enforceability. Indeed, 
it leaves to an external application the burden of 
monitoring that what is notarized in the blockchain 
respects the steps of the choreography. This is fine only 
when in a consortium of several participants there is one 
who is the owner of the process and therefore has an 
advantage over the others in monitoring the execution of 
the process.  
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• The fourth approach relies on using smart 
contracts for the enforcement of choreographies 
in an inter-organizational scenario. On the one 
hand, this approach has the advantage of solving 
the problem of local enforceability in a inter-
organizational scenario. Indeed, the smart 
contract that has been obtained by the 
choreography controls, in a decentralized 
fashion, that all the partecipants comply with the 
choreography. On the other hand, this approach 
only partially solve the problem of traceability. 
Indeed, only the inter-organizational interactions 
are stored as transactions into the blockchain.  

Focusing now on the construction sector, as 
mentioned above, the demand to face the following two 
challenges strongly emerges: 1. Improving efficiency and 
effectiveness in the construction site using business 
process management systems. In particular, there is a need 
to coordinate and control (i.e. choreograph) the activities 
of all participants. 2. Improving transparency and 
traceability.  

As a matter of fact, the legislations of different 
countries make it mandatory to compile construction 
activity documentation (diaries, logs, and daily field 
reports), to keep track of daily activities on a construction 

site every day for the purpose of inspection and reporting. 
As far as we know, none of the solutions proposed so far 
satisfactorily address both challenges. Only Weber et al. 
(2016) and Ladleif et al. (2019) proposed a solution that 
partially addresses both the challenges. They both use 
smart contracts with functions of control and local 
enforcement of the choreography. This fully addresses the 
first challenge They both store the exchanged messages in 
the blockchain. This only partially complies with the 
second challenge. In fact, the compilation of construction 
activity documentation requires the tracking of all the 
activities carried out by the individual participants, any 
change of state in their processes. Just tracking the 
exchanged messages is not enough. The approach 
proposed in the present work makes complete tracking 
possible along with ensuring local enforcement of the 
choreography. 

CONCRETE CASTING SAMPLING 

PROCESS 

The case study process using in this research work 
regards the concrete casting sampling and verification 
procedure.  

Figure 1 shows the process modeled with BPMN. It 
details all the actors involved and the tasks to accomplish, 
highiligthing at the same time the information flow that 

Figure 1 – Collaboration diagram of the case study and site inspector tasks zoomed in 
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occurs. For this notation Italian regulation has been taken 
into account, more specifically DM 17/01/2018 Norme 
tecniche per le Costruzioni (NTC). 

This process involves four main actors who are visible 
in the four different pools: theWorks Management Office 
(WMO), coordinating the overall project and this process 
in particular, the Building Contractor (BC), who is in 
charge for realizing the final product, the Batching Plant 
(BP) that produces the concrete, and finally the 
Laboratory (L) that runs the tests for validating the 
concrete samplings. In the process in Figure 1 there are 
two additional pools: one represents the BIM service (BS) 
, it receives concrete test result for model enrichment, and 
the BUS pool which is the one where all the messages 
between different actors involved are received and 
forwarded.  

A sintetic description of this complex process follows, 
The process begins with the BC, the BP, and the WMO 
exchanging two main artifacts, viz. the concrete casting 
programme and the FPC certificate. After a first 
validation of them, the WMO accepts or refuses the BP as 
a supplier. In case of a positive answer, the BP sends a 
truck mixing the concrete on the construction site and 
there the BC begins the concrete casting operation. 
According to specific conditions (Type A or Type B of 
concrete sampling according to NTC2018) concrete 
casting sampling operation is pursued with the 
supervision of work manager or his/her delegate. Then, 
after a suitable amount of time (28 days at least), the 
formworks are removed, and the specimens are sent to the 
laboratory who is responsible for concrete resistance tests. 
When the test results are ready, they are sent from the L 
to theWMO who is in charge for accepting the results.  

It is easy to understand how valuable are the 
specimens produced along the process, and that they must 
be stored in a secure place in case any litigation may occur 
among the involved parties when a major damage occurs 
(e.g. the building may collapse, or decay over time). For 
such scenarios the benefits of securely storing such 
artifacts (or their integrity signature, so-called hash) on a 
smart-contract running on a blockchain is evident. 

SYSTEM ARCHITECTURE FOR 

NOTARIZED CHOREOGRAPHIES AND 

BUSINESS PROCESSES 

 The system architecture here proposed combines 
smart contracts with business processes in order to track 
the relevant steps taken by the parties of a construction 
contract, together with the messages they exchanged 
along the way. The architecture assumes a federation of 
actors collaborating on a construction contract which is in 
charge of demanding the actors themselves to participate 
on an agreed business choreography coordinating all the 
necessary steps.  

In this scenario, the architecture enables two main 
functions: 

• store and enforce the correct sequence of cross-
organizational choreography tasks taken by the 
contract parties; 

• store the sequence of intra-organizational 
business process tasks are taken by each of the 
contract parties.  

With the implementation of this architecture, all the 
parties involved in the construction contract can share a 
common set of information that will constitute the 
certified history of the contract execution making it 
available in the future.  

The following security requirements are ensured: (i) 
immutability, (ii) non-repudiability, (iii) transparency, 
and (iv) traceability of information. In order to ensure 
such requirements, the architecture relies upon a nation-
wise permissioned blockchain based on Quorum and 
available to constructor companies and contracting 
authorities. The architecture uses smart contracts in order 
to notarize both the choreography and the internal steps. 
As will be explained, the main difference relies on the fact 
that a single smart-contract is used for notarizing the 
choreography, and it will be derived from a business 
choreography attached to the (legal) construction 
contract, thus such smart-contract has a static nature and 
can introduce more checks to enforce that messages are 
exchanged in a pre-defined order by the participants. On 
the contrary, internal steps of the business process of the 
collaborating parties are notarized in any order, and no 

Figure 2 – Tool-chain for deploying smart contracts that notarize BPMN choreographies 
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–  
enforcement can be done, due to the inherent variability 
of the operational working plans, that are subject to daily 
changes due to a number of unforeseeable factors. The 
components of the architecture for notarizing business 
processes and choreographies can be split onto three sets. 
The first set form the notarizing execution engine and is 
used for both notarizing business choreographies and 
business processes. The other two sets of components 
form two different development tool-chains, viz. the 
Choreography tool-chain and the Business Process tool-
chain. 

SYSTEM COMPONENTS 

The notarizing execution engine 

In order to allow the automatic notarization of BPMN 
choreographies and processes, our execution architecture 
is built around the state-of-the-art Camunda BPMN 
Workflow Engine. By means of specialized connectors, 
the BPMN messages can be delivered through the 
Quorum blockchain, so that message throw events can 
trigger a transaction on the smart contract that manages 
the choreography. Similarly, every transaction on that 
smart contract in turn must be delivered to the process 
execution engine of collaborating participants, in order to 
be processes as message catch events by other participants 
in the choreography. This is achieved by means of 
Camunda and a special connector that we call Quorum 
connector. In it, two participants contribute to the 
choreography each running its own process. There are 
then the web service layer as well as the smart contracts 
layer that can be seen as two different buses that processes 
running on different organizations can use in order to 
synchronize among themselves along the choreography. 
Obviously, the smart contracts running on Quorum 
natively provide high level of integrity, resilience to 
distributed attacks, and availability that make them more 
reliable than usual REST services when tracking a 
choreography between multiple independent parties. In 
order to ease the whole process we designed two 
development tool-chains, one for notarizing business 
choreographies, and the other for notarizing business 
processes.  

The notarizing tool-chain for business choreogra-

phies 

Business Choreographies (BC) in BPMN are a well 
known concept, especially useful when coordinating the 
execution of several business processes, implemented by 
different independent organizations that run in parallel 
and interact among each other and with external partners 
in order to provide some global task. On top of that in this 
work an enhanced choreography mechanism called 
Notarized Business process Choreography (nBC) has 
been defined. It maintain the records of the processes 
execution on a secure and trusted shared database. In 
order to define nBC, no extension of the BPMN 2.0 
formalism is required, but a supporting architecture is 
needed with components supporting both designing and 
execution time. At development time, the following tool-
chain can be used to create and deploy smart contracts 
then used by the execution architecture. This tool-chain is 
developed as follows (Fig. 2):  

• Choreography Building (CB): it is an optional 
component, that translates a BPMN 
Collaboration/Orchestration Diagram onto a 
BPMN Choreography Diagram; it is actually an 
abstraction process, where several operational 
elements of the BPMN collaboration diagram are 
abstracted away, and only the exchange of 
relevant messages is considered; the output 
choreography has the property of being realized 
by the input collaboration diagram; this step is 
also useful to ensure backward compatibility of 
our approach (and tools) with BPMN 
Collaboration and Orchestration Diagrams that 
are still used in the construction industry. 

• Business Choreography Smart Contract 
Generation (BC-SCG): it recognizes possible 
states of a choreography at any possible 
moments, as well as the tasks that can happen in 
any such state, and the actors that should execute 
the task; such tool takes as input a BPMN 
Choreography Diagram and outputs a smart 
contract written in Solidity or Vyper;  

• Smart Contract Compilation (SCC): it translates 
the smart contract into its bytecode, to be run by 
the Ethereum Virtual Machine that is installed on 
every node running the Quorum blockchain; 

Figure 3 – Tool-chain for deploying smart contracts that notarize BPMN processes 
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traditionally, state-of-the-art SCC are solc for the 
Solidity language, and vyper for the Vyper 
language;  

• Smart Contract Deployment (SCD): it deploys 
the smart contract bytecode on the Quorum 
blockchain network; this can be done through 
popular libraries such as Web3 for JavaScript and 
Web3Py for Python. 

 In our work we reuse existing tools for the SCC and 
SCD phases, resp. the compiler solc for the Solidity 
language and the library Web3Py, but we developed new 
tools for the BC-SCG and CB phases. 

The notarizing tool-chain for business processes 

Notarizing the internal steps of a business process 
enables an organization or a company that is bound by a 
construction contract to store transparently and on a 
reliable and non-repudiable medium, part of the history of 
the overall construction execution. As explained in 
previous sections, this step cannot be enforced to the 
participants, but it is a desired feature that many 
companies would benefit from.  

This tool-chain helps the IT department of a single 
organization at development time in order to build and 
deploy a smart contract used to notarize the steps of a 
single business process. With respect to the tool-chain 
used for choreographies, this one produces a notarizing 
smart-contract that on one hand should validate the 
received information, and on the other must be ready for 
embracing a change in the definition of the monitored 
business process. The main steps of the tool-chain are 
given in Fig. 3. Among them, Smart Contract Compilation 
(SCC) and Smart Contract Deployment (SCD) are 
implemented in the same way as the notarizing tool-chain 
for business choreographies. The Business Process 
Enrichment step transforms a regular BPMN process onto 
an equivalent one where each process task is notarized 
using the process execution architecture described above. 
The Business Process Smart Contract Generation 
(BPSCG) step differs from the BC-SCG step due to the 
fact that organization BPMN processes are mutable 
objects, that adjust to unforeseen changes that happen on 
the construction site on a daily bases. 

 Finally, the Smart Contract Update (SCU) step allows 
to combine the dynamic changes of an organization 
business processes with the validation of the tasks to be 
notarized. 

CONCLUSIONS 

In the AEC domain, workplans are havily based on 
several parallel tasks going on, by several actors forming 
a federation according to a construction contract signed 
by all the parties. While all the tasks during construction 
phase can be represented by business processes, this 
scenario lacks a central authority that has the power or the 
right to coordinate all the involved actors.  

Our work stems from the simple observation that the 
blockchain technology is a powerful tool for configuring 

distributed systems, and since it is based on consensus 
algorithms, it can ensure that all the nodes of the network 
can agree on a consistent linear history, realizing a 
distributed ledger. The information that needs to be 
securely stored, can be divided in two sets: pieces of 
information relevant to the other parties involved in the 
(legal) construction contract and internal steps taken by 
each organization or company participating in the 
construction process. Both kinds of information should be 
kept available and intact for years or decades after the 
construction is completed. A typical example of why this 
is needed is when an incident occurs and an investigation 
is conducted in order to recognize whether any of the 
parties bond by the legal contract is accountable for that.  

Most of the existing works combining business 
processes and blockchains in literature, focus on 
translating BPMN Collaboration Diagrams onto smart 
contracts, or somehow integrate both technologies with 
their artifacts. In our opinion, as we have argued, the 
blockchain technology is better suited to enforce the 
execution of a distributed choreography. As future 
research we plan to apply the presented architecture and 
the prototype tools to manage some of the processes going 
on real-world construction sites, collecting quantitative 
information such as the number of monitored tasks, 
cooperating participants, the size of generated smart 
contracts, and so on. 
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ABSTRACT 

Recent studies implied that exhibiting competence 
remains impracticable for project managers during 
infrastructure construction due to project strategies 
shortfall to augment their competence, handle 
complexity. The paper adopted an exploratory case study 
technique to report how integrating various digital tools 
to form a strategy augments managers' competence during 
construction. Findings depicted that adopting digital 
construction approach enabled managers to perform due 
to its pluralism to reinforce human sensation and evolve 
complex processes to maximize human capabilities. 
Practically, the study proposes to practicing managers a 
proactive medium towards competence development and 
provides companies insights into digital tools utilization 
to improve performance. 

INTRODUCTION 

Project managers'  inability to manage complexity during 
mega infrastructure construction is attributed to this 
project type's underperformance in terms of cost and 
ontime delivery globally (Patmore, 2016, Siemiatycki, 
2015). According to Remington and Pollack (2016), one 
common reason for this occurrence lies in traditional 
project management strategies (i.e., methodologies) 
inadequacy to augment managers' competence to handle 
complexity inherent in megaprojects. Consequently, 
when complexity occurs due to its difficulty and 
uncertainty, project managers become helpless with little 
to no solution to what actions they could implement to 
manage complexity (Kermanshachi and Safapour, 2019, 
Maylor and Turner, 2017).  

Competence depicts the knowledge, traits, and skills 
effective project managers exude to perform during 
construction optimally (Chen, Partington and Wang, 
2008). Spencer and Spencer (2008) described competence 
as an individual's inherent characteristics that depict the 
epitome of superior and effective performance in various 
situations or on a specific job. Along these lines, the 
International Centre for Complex Project Management 
(2012) opined that only competent project managers 
could manage complexity on infrastructure projects. This 
points to the importance of competence towards 
complexity management and raises concern about how 

project managers could perform competently during the 
construction phase that is maimed by complexity.  

The International Project Management Association 
[IPMA] (2015) suggested self development, peer 
development, education and training; coaching and 
mentoring, and simulation and gaming as plausible 
approaches that individual managers could adhere to in 
developing their competence. However, this study 
reiterates that how can managers build competence from 
these suggestions considering each project type is entirely 
distinct in its characteristics (Shenhar and Dvir, 2008). 
Moreover,  these content outlines were designed to fit the 
needs of a particular project type.  

Although, Love et al. (2015) indicated that adopting 
technological computing tools could be the impetus for 
performance improvement on mega infrastructure 
projects. However,  field experts suggested these tools 
should be integrated to complement each other to attain 
their full potential during construction (Chi and Caldas, 
2011). In general, integrating tools to form a strategy is 
indicative of the far-reaching effects that digital systems 
had on the manufacturing sector (Brettel et al., 2014), an 
industry where trends have been enormously transferred 
and observed in the construction industry over the years. 
Production managers exploited computing technology to 
operate in real-time by transforming into integrated 
networks and uniting their core competence (Brettel et al., 
2014).  

Drawing from the positive benefits of combining 
digital tools in manufacturing, this study highlights how 
integrating technological computing tools to form a 
digital construction strategy could effectively develop 
project managers' competence to handle complexity 
exacerbated challenges during construction. Findings 
would bring a distinct and practical perspective to the 
study of project management competence development in 
managing complexity-associated challenges during 
infrastructure construction. The paper presents an 
observational survey of digital construction depiction 
through the researcher's direct observation of various 
construction sites over three months. Specifically, 
findings would provide insights for future studies on 
digital construction as a strategy, its concepts, and its 
overall impact on project management competence 
development during infrastructure construction to further 
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the Architectural, Engineering, and Construction (AEC) 
industry digital transformation. In the same vein, it shall 
bring forth advances made applying digital tools during 
construction, and this shall inspire confidence to adopt 
digital construction into practice further.   

LITERATURE REVIEW  

The section discusses the study key terms – project 
complexity, complexity challenges, and project 
management competence – to provide more insights on 
how they relate to its context.   

Project Complexity in Construction Terminology  

The project management literature had inconsistently 
described project complexity due to different conventions 
on its characterization and classification (Geraldi, Maylor 
and Williams, 2011). Despite these divergent views, 
Baccarini (1996) defined complexity in construction as 
"consisting of many varied interrelated parts," which are 
characterized in terms of differentiation and 
interdependency. Differentiation being the number of 
varied components on a project (e.g., tasks, specialists, 
subsystems, and parts), and interdependency is the degree 
of integration between these components.   

According to Xia and Chan (2012), complexity is a 
critical property of construction projects, emancipating 
from the interaction between the project elements that 
depicts structural, dynamic, and uncertain characteristics. 
More so, the Project Management Institute highlighted 
complexity as a critical project factor, crucial to effective 
planning and control that determines the project goals and 
objectives and influences overall project performance 
(Cicmil et al., 2009). Summarily, from these complexity 
definitions, it is apparent complexity is perceived as 
project elements - seen from Table 1 - that interact to 
trigger complex challenges, limiting project managers 
from performing during construction.   

These challenges were extensively researched in the 
literature. However, most studies have failed to address 
the root cause, illustrating how managers could better 
manage this occurrence. Accordingly, this study suggests 
that by adopting responsive complexity management 
strategies as digital construction, project managers' 
competence could be better augmented to handle 
complexity-associated challenges during mega 
infrastructure construction. 
 

Table 1: Structural and Dynamic Complexity Element  
   Structural     

Constructs   Description   Elements   

Size  Overall project  

dimension and 
scale   

Structure height   

Structure type   

Site area   

Density  

Number of elements    

Number of participants  
Number of engineering  

hours  Budget   

Task  Piece of 
work\activity 
undertaken 
during the 

project 
duration   

High number of tasks  

High variety of task   

Difficulty of task   

Scheduling   

Rigidity of sequence  

Quality requirement   

Construction method 
Lack of technical 

methods   

Availability of skilled 
workforce   

Design 
complexity  

Difficulty 
understanding 
and translating 

project 
drawings   

Level of detailing   

Structural elements   

Clarity of functions  
Variety of drawings  

Project 
Characteristic  

Features and 
attributes 

belonging to 
individual 
projects  

Project scope    
Disperse teams.   

Multiple locations   

Multiple time zones  

Site topography  
                                        Dynamic   

Project Features   Distinctive 
project 

attributes  

Project duration  

Project tempo   

Construction methods   

Uncertainty in methods 
Reliance on other  

projects   

Project team's capability   

Geological conditions   

Immediate environment   

Deployment of plants   

Deployment of workers   

Regulations   

Disperse team   

Multiple locations   

Multiple time zone   

Form of contract   

Project Goals   Project desired 
results   

High number of goals   

Lack of clear project goal 
Multiple project 

goals(multidisciplinary 
members)  

Variety of perspective   

Form of contract   

Project Scope   Amount of work 
needed to 

complete a 
project   

Scope ambiguity   

Scope uncertainty    

Change in project scope.  
Change in the project 

specification.  Inability to 
estimate accurately 

(timeline and budget)  

Quantity of information 
to analyse   

Quantity of information 
source   
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Complexity Challenges during Mega Infrastructure 

Construction   

Mega infrastructure projects command a budget above a 
billion US dollars and are inherently characterized by 
complexity surging from its large size, scope, numerous 
task and components, high uncertainty occurrence 
springing from more extended project periods, scope 
change, and contravening political interest (Siemiatycki, 
2015). Hu et al. (2013) objected that the construction sum 
in tandem with a nation's GDP was a more befitting 
megaproject description, which this study subscribes. The 
construction of this project type often faces severe and 
very complex problems of implementation and 
management. This requires high technical and 
experienced professionals, abundant resources, high 
capital, various stakeholders, and most importantly, 
competent and effective management to achieve the 
strategic project goals (Flyvbjerg, 2017).   

Challenges on construction sites begin with 
experienced workers' absence during mega infrastructure 
construction as workers find it difficult to interpret 
complex construction information and comprehend their 
roles on site (Kermanshachi, Rouhanizadeh and Dao, 
2020).   

Procaccini, Lea-Cox and Scheffer (2012) and  Kerzner 
(2018) highlighted how poor communication and 
inadequate coordination at all levels, ineffective 
supervision and monitoring, and poor planning and 
management of the massive project resource influence 
underperformance. Kermanshachi, Rouhanizadeh and 
Dao (2020) identified scope definition, project resources, 
and a high number of project participants as the highest-
ranked complexity indicators during mega infrastructure 
construction. The project size, number of participants, 
number of plants, and the number of tasks to be performed 
are complexity elements that limit project managers from 
effectively coordinating, communicating and monitoring 
during infrastructure construction  

Furthermore, Othman and Ahmed (2013) suggested 
that infrastructure projects fail due to 10 broad reasons, 
and critical to this study context are poor decision-
making, fragmented supply chain, and cumbersome 
construction methodology. The study further showed how 
most project challenges occur due to poor health and 
safety practices.  Besides, naive risk analysis and 
inappropriate identification of project consequences in 
areas of safety concern were amongst critical challenges 
constraining project managers from competently 
performing during mega infrastructure construction 
(Zannah et al., 2017).   

Agreeably, numerous measures were suggested to 
support managers handle complexity-associated 
challenges, yet recent studies indicated that project 
managers could not influence mega construction 
performance positively. As such, this study aims to 
address this backdrop by suggesting a conventional and 
responsive approach through digital construction 
adoption.       

Project Manager's Competence   

A well-conceived project might end up going above its 
initial budget, fail to meet the setout timeline, and falls 
short of technical and functional specifications if project 
resources are not effectively coordinated and managed 
(Roth et al., 2016).  In the project management area, 
project success is requisite to numerous intertwined 
factors acting concurrently, and most critical on mega 
infrastructure construction is selecting a competent 
project manager (Ding, 2016). Project managers are the 
foundation upon which projects blossom, and they are 
expected to exude certain competence traits, 
distinguishing them from other participants (Larson and 
Gray 2017).   

Past studies established a direct correlation on how 
competence impacts project outcomes, as it influences 
managers to coordinate, manage, motivate, and maintain 
a perfect balance between the project and its people(Dias 
et al., 2014, Müller and Turner, 2007). Nguyen, Ogunlana 
and Thi Xuan Lan (2004) established competence to be a 
critical success factor for large engineering construction 
projects. This forms a basis to why having competent 
project managers is a prerequisite to infrastructure 
construction.   

Crawford (2005) described project management 
competence as "more than just a project success factor" 
but also as development standards defining a usable guide 
to develop and assess project teams. The study showed 
planning as a vital factor for project management 
competence and a project success factor. Along with this 
premise, various professional bodies defining project 
management practice proposed competence development 
frameworks, which outlined competence development 
and expected standards that illustrate best practice 
(Association for Project Management, 2008, International 
Project Management Association [IPMA], 2015) 

Despite these proposed frameworks, a new dimension 
of competence development research ushered studies, 
which believed by categorizing and identifying the salient 
competence factors for each project type, project 
managers would be better able to improve their 
competence level and positively influence project 
performance (Chen, Partington and Wang, 2008). 
However, due to the various divergent and competing 
views of what competence entails, the researcher 
identified competence factors through an extensive 
literature review (seen from Table 2.). Although, this 
study emphasises the technical inclined competence 
factors because the construction stage is technically 
oriented, and developing this competence dimension is 
more crucial for optimum performance (Chen, Partington 
and Wang, 2008). Subsequently, the study proposed why 
adopting digital construction for mega infrastructure 
construction is the most responsive measure to project 
management competence development to manage 
complexity-associated challenges during construction.   

 
 

  

Page 45 of 438



Table 2. Project Manager's Competence (Literature Review)  

Competence  Description  

Leadership  Possess the ability to evaluate technical 
concepts needed to make the right 

decisions to keep a project on track and 
effectively involve all stakeholders.    

Planning  Has an awareness of the definite project 
scope and design schedule, ensuring the 
project performs to its expected goals.   

Communication 
     

Ability to provide clear and concise 
information to clarify work direction 

and pass such in a timely fashion 
amongst project participants.    

Effective decision-
making 

Possess the ability to identify the best 
choice among alternatives in the face of 

uncertainty.  

Supervision and 
monitoring  

Ensure strict compliance at work and 
keep track of project team performance 
to ensure they are working towards the 

project goal.    

Interfacing and 
Coordinating  

Meeting and working with line 
management, external contractors, 
subcontractors, and management.  

Directing  Being able to dictate the most prudent 
way to implement tasks and manage 

project resources efficiently.   

Motivates team  Can motivate the project team in the 
presence of normal work pressure as 

well as political realities and pressures.   

Issues and conflict 
resolution  

He or she understands that conflicts are 
inevitable, and when such occurs, he 
could analyse the cause and respond 

appropriately to resolve them   

Administering  Project managers are expected to 
perform various administrative tasks 

without support.  

Negotiation  Possess the demeanour to persuade 
project stakeholders and participants by 
providing convincing rationale to obtain 

their support to foster project 
performance.  

Aptitude  Able to adapt to scope change and be 
flexible to fit into new cultural realities 

in the project environment.  

Confidence and 
commitment  

Possess firm belief in himself and is 
fully committed to the project goals and 

objective.  

Proactive  Keeps an eagle eye on project outcomes 
rather than waiting on a situation to 

occur before reacting.  

Open-mindedness  Open to new ideas without prejudice.  

Trustworthy  His traits portray that of someone to be 
relied on as an honest and truthful 

person.  

Analytical thinking   Has a strong acumen to improvise in 
times of uncertainty and complexity?  

 

RESEARCH METHODOLOGY   

The study adopted an exploratory case study technique 
using structured observation method to monitor project 
managers' construction roles. This approach enabled data 
gathering through direct observation without intruding on 
the subject and eliminated any risk of bias compared to 
using a different method, say interview. Project managers 
could provide contrary accounts, majorly due to their 
affliction or conviction to the use of digital tools on 
construction sites. The researcher objectively observed 
how project managers interact with digital tools on-site 
and how they were used to support project managers in 
performing their job roles while managing complexity 
competently.    

The adoption of at minimum two digital tools formed 
the criteria for selecting a construction site as a study 
sample. A consent letter was written to various 
construction sites, stating the researcher's intent to observe 
managers randomly. Further, based on accessibility and 
attaining the mega infrastructure description, twelve 
construction sites were selected as depicted in Table 3.   

The researcher gathered data through direct 
observation to form the initial phase of a doctoral study. 
The project findings were summated and compiled as a 
report, as seen in the next section.   Furthermore, the 
findings were classified into themes of the most salient 
complexity-induced challenges on construction sites that 
require competent project managers to manage 
complexity adequately: Communication, Planning and 
Coordination, and Supervision and Monitoring. It is worth 
mentioning that regardless of the theme classification 
adopted, digital tools augment project manager's 
competence in various dimensions, not limited to the 
categorisation adopted in this study. Different challenges 
earlier mentioned were not covered in this study but form 
part of future research that empirically establishes how 
digital construction redefines and supports the project 
manager's role during construction.     
  

Table 3. Observed project site.   

Project Site Project Description  

A A maritime university development, 
estimated at $1.5 billion.   

B 200km Road with ancillary bridge 
construction costing $750 million.   

C Erosion Control Project under the UN 
ecological fund initiative.   

D 156km rail line valued at $1.5 billion   

E 2733km standard gauge rail line 
construction at $11.1 billion.    

F 284km single-track rail line valued at 
$1.96 billion.   

G Hydropower plant construction with a 
contract sum of $5.5 billion.   

H 1.7km Bridge valued at $1.2billion.   

I 550-meter long Gravity Dam construction   
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DISCUSSION   

This section discusses the concept of digital construction 
during infrastructure development and illustrates how this 
practice is fostered on construction sites to manage project 
complexity.  Besides, the researcher reiterates the need to 
adopt digital construction for project management 
competence development.   

Digital Construction influence on Project Managers 

Competence   

The last decade witnessed an advent uptake in using 
various digital tools during construction to eliminate and 
control complex challenges in the industry. This 
revolution was made possible through a paradigm shift to 
a more collaborative approach, adopting Building 
Information Modelling (BIM) initiatives (Walker and 
Lloyd-Walker, 2016). Subsequently, certain national 
governments mandate enforcing its usage (Redwood et al. 
2017). BIM 3D information model serves a central role as 
the control layer that harmonizes and facilitates the use of 
various digital tools in construction (Catlin et al., 2018). 
BIM adoption enabled companies to boost productivity, 
manage complexity, ensure predictability, improve client 
satisfaction, and archive project information through its 
life cycle (Whyte and Hartmann, 2017, Kapogiannis, 
2019).  

As an illustration, employing collaborative software 
and BIM models equipped managers with resources to 
identify the possible causes of inefficiency during 
construction planning, using clash detection features to 
recommend mitigating actions (Tixier et al., 2017).  

Digital tools adoption completely revolutionized the 
infrastructure planning phase to be more effective and 
collaborative. However, the congested nature present 
during mega construction rendered the use of individual 
tools to be ineffective. It was against this backdrop that 
the researcher suggests numerous digital tools (Table 3) 
integration to form the digital construction strategy. This, 
the researcher argues, is the most responsive approach to 
augment project managers' competence for complexity 
management. The following section highlights the 
researcher's findings from a cross-sectional study 
observing managers on mega infrastructure construction 
sites.  
  

Table 4: Prominent Digitals tools in the Construction Industry  

Category  Digital Tool  

  

  

  

Higher definition  

surveying and Geospatial 
Technologies   

  

Barcoding   

Radiofrequency Identification 
(RFID)  

Geographic information system  

(GIS)  

Global positioning system 
(GPS)  

Ultra-wideband (UWB)  

Light detection and ranging  

(LIDAR)  

Unmanned Aerial Vehicle  

(Drone)  

  

Imaging Technology   

   

Photogrammetry  

Remote Sensing   

3D laser scanning  

Videogrammetry  

Range Images  

  

Advanced Construction  

Technology   

  

Prefabrication  

3D printing  

Robotics  

Wearable technology  

  

  

  

Enhanced technological  

tools  

  

Augmented reality (AR)  

Virtual reality  

BIM nD Modelling tools  

Mobile computing  

Blockchain  

Internet of things (IoT)  

Digital twin  

Communication   

Mega infrastructure development involves various 
professionals collaborating to deliver the final product.  
However, a significant setback project managers 
encounter on these projects is clearly and effectively 
communicating with the various participants (Senescu et 
al., 2013). Project managers' failure to share project 
information effectively has been identified as the primary 
root cause of poor project performance (Ruqaishi and 
Bashir, 2015). This gives leeway to avoidable change 
orders, rework, variation, and claims, and in certain 
instances, it creates adversarial relationships leading to 
litigation (Dainty, Moore and Murray, 2007).   

Through direct observation, the researcher found the 
use of walkie-talkies to communicate verbal instruction 
and BIM models to visualise the project as ubiquitous 
during mega infrastructure construction. This enabled the 
project manager to communicate with the project and its 
people competently despite the complexity that might 
emancipate from the project size, numerous participants, 
dispersed teams, and the project type. At project A, the 
BIM model was integrated into a collaborative work 
environment tablet device to foster communication 
between the project participants on-site. Site supervisors 
contacted the project manager through this medium to 
clarify drawing details and report challenges from the vast 
construction site. Apparently, the project perimeter, the 
quantity of information to analyze, the number of 
specialist contractors present on-site, and disperse project 
teams are complex elements that create complex 
communication challenges on this construction site. 
However, the project manager effectively coordinated and 
communicated project schedules and details in real-time 
due to digital tools' positive influence.   

In one instance, the elevator contractor faced 
difficulties when installing the lift shaft. The installation 
point was 2km away from the project office. Typically, 
using conventional project management practice, the 
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manager would have to travel to the elevator site, losing 
considerable time and effort to inspect the challenge and 
decide on the best approach to solving it. In this instance, 
the specialist contractor used the project tablet to send a 
video clip of the area that required the project manager's 
input. The foreman, the project manager, the 
subcontractor, and the structural consultant discussed 
within the digital collaborative environment and decided 
on the needed action to rectify the challenge without 
having to travel.   

On project H, due to sociocultural tension from 
various stakeholders and the immediate community 
residents disrupting work progress, project output was 
transmitted using CCTV and augmented reality integrated 
into a mobile app to provide real-time project progress. 
The app offers a comparison of the project 3D model in 
contrast to the actual work achieved. Adopting this 
medium ensured the manager could solve an exigent 
challenge and communicate the project progress to a 
broader audience seamlessly to manage political tensions, 
in contrast to the convention of holding a regular press 
conference to quell tensions (Lundell, 2010).   

Indicatively, adopting a wholesome strategy that 
integrates various digital technology tools could be more 
responsive in achieving timely gathering and distributing 
information between the manager and the project and its 
people (Kapogiannis, 2019). As a case point, using 
LIDAR, GIS, and UAV's have enabled project managers 
to gather and manage information on a large project 
momentarily and distribute project updates and detail 
within seconds through mobile communication devices 
and cloud computing, fostering an integrated project 
environment. Conventionally, it is only appropriate for 
project managers to rely more on digital tools on 
construction sites as a plausible medium to augment their 
competence to manage complexity during construction.   

Digital tools harmonized to form a digital 
construction strategy have the efficacy to support the 
project manager's competence in communication, 
information management, planning, program 
management, and problem-solving during construction.   
Tellingly, integrating digital tools enabled project 
managers to communicate competently, take incisive 
decisions, manage information, and coordinate work on-
site, ensuring complexity is managed competently. In the 
same vein, digital tools can enable project managers to 
curtail complexity-associated challenges, improving 
overall project productivity and performance output.      

Planning and Coordination   

Mega infrastructure construction is subject to input from 
various professionals and the consumption of copious 
resources. Hence, it is imperative for project managers 
to effectively plan project schedules and allocate 
resources (i.e., budget, resources, and human capital) 
between dependent activities in a coordinated manner to 
attain the project's desired goals (Andy and Price, 2010).   

During the researcher's observation at project B, 
work began from three strategic points, at both extreme 
ends and equidistant of the road construction project to 
ensure timely completion. The project scope, material 

and labour scheduling, disperse teams, multiple 
locations, deployment of plants, and workers' 
deployment were complexity sources for the manager, 
which borne planning and coordination challenges. 
Indeed, how effectively the project manager coordinates 
these elements crucially determines performance and 
productivity during infrastructure construction (Ochieng  
and Hughes, 2013, Andy and Price, 2010). 

The main contractor provided drones (UAVs), BIM 
3D modelling, equipment routing software using cloud 
computing, mobile devices, GIS, and RFID to support 
the project manager. The researcher established that 
equipment were perfectly coordinated and delegated all 
through the 200km road stretch. The project manager 
handled complexity by visualising and simulating 
equipment usage on a BIM 3D enabled GIS model to 
augment his/her planning and decision-making 
competence. Further, the agreed-upon equipment 
schedule concept from the simulation process was 
uploaded to the cloud routing software for participants to 
know where and when each piece of equipment is 
expected. Subsequently, the manager monitors 
compliance using RFID tag placed on each piece of 
equipment, and their positioning was established using 
GPS. Harmonizing these tools enabled the manager to 
plan and coordinate equipment usage.   

Additionally, adopting these tools curtails 
unproductivity on-site, as research showed that locating 
equipment, scheduling, and delegating its usage is a 
significant source of task complexity on large engineering 
projects (Nasir et al., 2010). Importantly, through digital 
tool integration, managers could competently manage task 
complexity within this project in a coordinated manner.   

 Observing project C, due to the vast land area 
surveyed, the PM employed UAVs and remote sensing to 
identify eroded areas, track actual work done, and plan 
future work programme to ensure compliance with the 
project baseline. Combining these tools ensured the 
manager could plan and coordinate work on a vast project 
without physically surveying the project site. 
Undoubtedly, it might take years to physically assess the 
project site, which new areas must have eroded in the 
process.   

Rightly so, managers on projects E and F employed 
integrated collaborative software using mobile computing 
to coordinate various supervisors and transmit work 
schedule change in real-time. Given these points, it is only 
suitable for active project managers to further implement 
digital tools integration. This approach could augment 
their planning, project management, information 
management, and problem-solving competence to ensure 
successful mega infrastructure delivery. Digital 
construction could be the panacea that addresses 
complexity-associated challenges during construction to 
improve overall project delivery.     

Supervision and Monitoring  

The act of supervision and monitoring have been used 
interchangeably to mean overseeing a task or activity in 
the construction project management area. However, both 
differ. Supervision involves direct observation of the 
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work process and the crew performing it. On the other 
hand, monitoring entails passive observation of the work 
process that requires project resource (i.e., materials, 
human resources, machine, and money) performance 
evaluation to ensure conformance with the project 
baseline (Yu et al., 2007). The project floor area, the 
number of workers involved, and the number and variety 
of tasks performed daily during mega infrastructure 
construction hinder project managers from effectively 
overseeing their supervisory and monitoring roles 
(Gidado, 1996).   

Envisage a manager overseeing more than one 
hundred interrelated activities simultaneously on a project 
daily. Certainly, the manager would be overwhelmed, and 
this could turn out counterproductive on performance. 
McCullouch (1997) showed that project managers spend 
approximately 50% of their productive time daily 
performing on-site data collection and analysis. Further, 
this conventional monitoring system was found to be 
error-prone, cumbersome, and ineffective when adopted 
on mega infrastructure construction because numerous 
concurrent activities need to be assessed. In most 
instances, the gathered data becomes obsolete before 
project managers proffer corrective measures that ensure 
the project aligns to its performance baseline. It was 
against this backdrop; studies recommended structured 
training (Dias et al., 2014) and technological tools to 
improve project management competence to perform 
these roles effectively (Panas, Pantouvakis and 
Lambropoulos, 2014). As earlier mentioned, training is 
ineffective during infrastructure construction, as each 
training resume is designed on the tenets that projects are 
predictable, which contradicts the reality during complex 
construction management.    

Notwithstanding suggestions to use digital tools, this 
study opined that managers could better manage 
complexity effects on every project type by adopting 
digital construction. As an illustration, the projects 
observed employed one digital tool or the other to conduct 
supervision and monitoring during construction. At 
project G, drone and LIDAR technology were used. The 
manager employed drones to conduct his supervisory role 
because the site perimeter, topography, and disperse 
project teams were complex elements that constrained 
him/her from competently performing this role. However, 
using these tools supported the project manager to 
perform his functions.  At a two-hourly interval, 6 of the 
project drones were dispersed to survey the project site, 
and LIDAR was used every other day to estimate the work 
executed thus far. On projects B, D, E, and F, the 
managers relied mainly on drones, GIS, and LIDAR to 
supervise and monitor work output during construction. 
Combining these tools ensured they could survey a vast 
project seamlessly and ensure the project was in tandem 
with the setout baseline. Observing Project B, C, D, E, G, 
the researcher observed that younger project managers 
tend to rely more on digital tools to perform their roles 
than project managers, mainly from the baby boomer 
generation. This is primarily due to distinct orientations 
between the two generations. The younger generation 

grew at the advent of the technological revolution, making 
them more inclined to use computing.   

CONCLUSION  

This study findings bring forth to practicing project 
managers a proactive and evolving dimension towards 
competence development. Further, it captures and 
proposes a novel perspective on how project management 
competence could be augmented by introducing an 
information-driven strategy through various digital tools 
integration. The proposed approach exhibited how digital 
technology could reinforce human sensation to perform 
complex tasks on construction sites due to its ability to 
evolve entirely to maximize human understanding and 
capabilities.    

Furthermore, the study highlighted that through digital 
construction, structural complexity is addressed 
holistically during construction. However, the study could 
not establish if adoption handled dynamic complexity 
prompted by uncertainty due to the adopted data-
gathering technique. Undoubtedly, the project managers 
have to be asked directly, or this could be empirically 
established.  

Similarly, digital construction was found to support 
project managers in proactively gathering and managing 
information and making prompt decisions on various 
infrastructure project types with no limitations to a 
specific project environment than other suggested 
construction industry strategies as lean construction and 
concurrent engineering. More so, the adoption of digital 
construction could enhance other project management 
strategies' inadequacies due to its pluralism to serve 
different functions during project development.  

The study provides construction companies insights 
on how to better utilize digital tools at the construction 
stage by integrating various tools to complement each 
other – more evident benefits could be attained. Besides, 
construction project management academic learning 
centers could benefit from this study by introducing 
digital construction syllables into their academic 
curriculum to better prepare future professionals with 
advancements found on contemporary construction sites. 
Further, the authors are confident with the advent gains 
from BIM ISO 19650 implementation, the practice of 
digital construction amongst project managers would 
become ubiquitous within the next decade.  

Despite the study findings, the observational 
technique's significant limitation is that underlying factors 
interrelationship of the behaviour and motives observed 
cannot be elucidated. This limitation shall be addressed in 
a further study where the researchers would empirically 
ascertain if adoption augments project managers' 
competence. If it does, which competence was better 
augmented, and on what infrastructure type. The paper 
forms the initial phase of doctoral research to ascertain if 
adopting a digital construction strategy increases project 
managers competence to manage complexity during mega  
infrastructure construction  
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ABSTRACT 

The pre-planning phase prior to construction is crucial for 

ensuring an effective and efficient project delivery. 

Realistic productivity rates forecasted during pre-

planning are essential for accurate schedules, cost 

calculation, and resource allocation. To obtain such 

productivity rates, the relationships between various 

factors and productivity need to be understood. Artificial 

neural networks (ANNs) are suitable for modelling these 

complex interactions typical of construction activities, 

and can be used to assist project managers to produce 

suitable solutions for estimating productivity. This paper 

presents the steps of determining the network 

configurations of an ANN model for bricklaying 

productivity.     

INTRODUCTION 

 

The productivity of the construction industry lags 

behind other sectors of the world’s economy (Barbosa et 

al., 2017). Due to this, productivity studies are vital, and 

indeed comprise a significant segment of construction 

research (Yi and Chan, 2014). Elaborate planning can lead 

to higher on-site productivity, and ultimately, to better 

performance for the industry. To this end, more accurate 

productivity rates are needed, which can be obtained by 

understanding the effects and functional relationships 

between various factors. 

The relationship between the factors and the 

productivity rate, and especially the factors’ combined 

effects are complex, thus making modelling challenging 

(Chao and Skibniewski, 1994). Owing to this, these 

studies can benefit from artificial neural networks 

(ANNs). ANNs can be trained to learn from even 

imperfect datasets, and provide quick and generalised 

solutions to a problem (Flood and Kartam, 1994a). ANNs 

can be used for modelling problems in which functional 

relationships between dependent and independent 

variables are subject to uncertainty, not understood, or 

may vary with time (Di Franco and Santurro, 2020). For 

all the above-mentioned reasons, they can perform better 

than traditional, statistical methods (Boussabaine, 1996) 

or even optimisation algorithms, which can operate 

slowly when the problem at hand involves a large number 

of variables (Flood and Kartam, 1994a) or when 

generalisation and patterns extracted from large datasets 

are the bottom line. Consequently, in this study, ANNs 

have been selected to analyse the effect of worker and 

wall characteristics on the bricklayers’ labour 

productivity. Understanding the impact can lead to more 

realistic schedules and more accurate resource allocation. 

After this section, the various applications of ANNs in 

the field of construction management are presented. Next, 

comes a short introduction of ANN. Then the steps of 

determining the network configurations of an ANN model 

for bricklaying productivity are presented together with 

the considerations of the various options. Finally, the 

directions of further model development are presented. 

USE OF ANN IN CONSTRUCTION 

MANAGEMENT STUDIES 

 

Artificial neural networks have been used in 

construction studies since the late 1980s (Flood and 

Kartam, 1994a; Adeli, 2001). There is a wide range of 

applications in the field of construction management. This 

section gives an overview of these. 

Gerek et al. (2015) created two ANN models to study 

the productivity of bricklaying gangs. They ranked the 

factors influencing productivity, and found that wall type 

and working time had the greatest effect (Gerek et al., 

2015). Moselhi and Khan (2012) performed significance 

ranking of influencing factors, as well. However, in their 

case, the chosen trade was concrete formwork installation. 

They compared the results gained by applying ANN, 

fuzzy subtractive clustering, and stepwise regression 

analysis. Temperature and the type of the structure ranked 

highest (Moselhi and Khan, 2012). The same data set and 

input variables were used by Nasirzadeh et al. (2020) and 

Golnaraghi et al. (2019). The former aimed to use ANN 

to gain prediction intervals for labour productivity, while 

the latter compared the results obtained with the help of 

four different network configurations (Golnaraghi et al., 

2019; Nasirzadeh et al., 2020). The output of the ANN by 

Portas and AbouRizk (1997) was also an interval (referred 

to as a zone) containing a small range of productivity 

values for concrete formwork operations. El-Gohary et al. 

(2017) and Mirahadi and Zayed (2016) sought to gain 

more accurate productivity rates for concrete works. 

USING ARTIFICIAL NEURAL NETWORKS 

TO MODEL BRICKLAYING PRODUCTIVITY 
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Tsehayae and Robinson Fayek (2016) analysed the 

productivity influencing factors for the same trade. To 

provide accurate productivity estimates for earthworks, 

Chao and Skibniewski (1994) used ANN, as well. Oral 

and Oral (2010) applied self-organising maps to 

investigate the effects of various influencing factors and 

to forecast construction productivity in the case of 

concrete works, formwork installation, and reinforcing 

works. Oral et al. (2016) compared the application of self-

organising maps and artificial bee colony to predict 

productivity rates for ceramic tiling works. Song and 

AbouRizk (2008) modelled steel drafting and fabrication 

with the help of ANN. Heravi and Eslamdoost (2015) 

analysed the factors affecting productivity for power plant 

projects. They found supervision, proper coordination, 

and effective communication to be the most important 

ones. Moselhi et al. (2005) also investigated projects as a 

whole, rather than specific trades, and developed a model 

to understand the effect of change orders on labour 

productivity.  

ANNs can be successfully used for purposes other 

than construction productivity analysis. Another area of 

application is cost estimation. Chao and Kuo (2018) used 

an ANN model to estimate the minimum rate of overheads 

and markup, while Moselhi et al. (1991) aimed to 

calculate the optimum markup. Oduyemi et al. (2015) 

modelled the life-cycle costs of existing buildings with the 

help of ANN.   

Problems in the area of health and safety can also benefit 

from ANNs. Patel and Jha (2015) modelled the safety 

climate of construction projects, while Ayhan and 

Tokdemir (2019) applied ANNs to predict the outcome of 

construction incidents, thus making their model part of an 

accident prevention system.  

Other applications include using ANNs for selecting 

the most suitable formwork system (Tam et al., 2005), 

showing the relationship between human values and 

motivation of construction managers (Wang et al., 2017), 

and determining the optimal performance measurement 

system to be used in off-site sheet metal fabrication shops 

(Said and Kandimalla, 2018). 

To enhance the capabilities of an ANN approach, it is 

possible to use it combined with another method, thus 

creating a hybrid model. For instance, there are numerous 

examples for neuro-fuzzy models, where fuzzy logic is 

used in the ANN model to better model subjective 

variables. The models of Portas and AbouRizk (1997) and 

Ayhan and Tokdemir (2019) have fuzzy output layers, 

while in addition to that, the input layer of Mirahadi and 

Zayed’s (2016) model also contains a couple of fuzzy 

variables. 

Another option could be to combine ANNs with 

construction simulation. Song and AbouRizk (2008) 

embedded ANNs into their discrete-event simulation 

model to estimate the duration of individual activities, 

while Chao and Skibniewski (1994) generated the activity 

durations fed into the ANN model with the help of 

discrete-event simulation. 

The next section presents how ANN models are 

developed for investigating construction productivity. 

ARTIFICAL NEURAL NETWORKS 

 

Artificial neural networks – similar to the human brain 

and the central nervous system – are able to learn and 

generalise from examples (Boussabaine and Kirkham, 

2008). The components of the network are called neurons, 

processing elements, or nodes (Moselhi et al., 1991; 

Boussabaine, 1996). These neurons are organised into 

three types of layers: input, hidden, and output layers. In 

any given network, there is one input layer, and one output 

layer, while the number of hidden layers varies. Figure 1 

shows the topology of an ANN model.          
 

 
Figure 1: ANN model architecture 

 

As can be seen in Figure 1, the neurons in the network 

are connected to each other. These links are weighted 

showing the strength of the connections (Boussabaine, 

1996) . The input variables are fed into the input layer, 

then the signal arrives to the nodes of the hidden layer 

through the links, and finally, it is transmitted to the 

output layer. However, the weights of the connections 

modify the signal that arrives at the output neurons (Flood 

and Kartam, 1994a). The learning method determines 

how the weights change over the course of the training 

(Boussabaine, 1996). Based on what the network has 

learnt, it will be able to predict the outcome when 

presented with new input data points (Boussabaine and 

Kirkham, 2008). ANNs work like a black box, where the 

magic happens in the hidden layer, hidden from the user 

(Boussabaine, 1996; Adeli, 2001). In construction 

management problems, the relationship between the input 

and the output is typically complex due to unknown 

combined effects (Chao and Skibniewski, 1994). ANNs 

are well-suited to handle such cases. 
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APPLICATION OF ANN FOR 

PRODUCTIVITY ANALYSIS 

The steps of developing the ANN model for analysing 

the labour productivity of bricklaying works are shown in 

Figure 2.  

As with any other model, the process started with 

problem definition. In this case, the reason for 

developing this ANN model is to see how different factors 

affect the bricklayers’ productivity. This goal determines 

the input and output variables. In this case only those 

factors that can be known during the pre-planning phase 

of a construction project are considered, particularly 

worker and wall characteristics. These factors, which 

include, for example, the experience of the bricklayers 

and the type of brick used for the wall, comprise the input 

neurons of the ANN model. The output neuron is the 

forecasted productivity rate. Figure 3 shows the ANN 

model used in this research. 

 

 

 

Figure 3. ANN model of bricklaying labour productivity 

The selection of the variables informs the data 

collection. Patel and Jha (2015) suggest the minimum 

number of data points to be equal to the product of the 

neurons in each layer. According to this, at least 35 

samples would be needed for the model in Figure 1. Too 

few training data points can cause underfitting, meaning 

that the network is not able to learn properly (Flood and 

Kartam, 1994a).  In the case of productivity studies, 

especially if the data collection is done through work 

studies, it can be challenging to amass a substantial 

dataset. In this research, the data was collected at two 

construction projects by conducting a traditional work 

study. When the productivity rates were measured, note 

was made of the bricklayer working on the course, and the 

wall section where they worked. There are five worker 

characteristics, which are ordinal variables measured on a 

scale of one to three. For example, one is experience. In 

this case, one represents little, while three substantial 

experience. There are two wall attributes: difficulty is an 

ordinal variable measured on a scale of one to three with 

one being the easiest to construct and three being the most 

difficult; brick type is a categorical variable.  

Data processing includes producing the data table 

based on the measurements obtained during data 

collection. In every row of this table, there is one 

productivity rate measured in bricks/hour together with 

the corresponding worker and wall attributes. The data 

table is the basis of determining the input and target 

matrices. Since the variables are scaled differently, 

normalisation of the data is needed (Flood and Kartam, 

1994a, 1994b).    

Data division means that the collected dataset is 

sorted into training and testing datasets. Most of the 

papers mentioned in the previous section used one of the 

following training-testing ratios: 80-20%, 75-25%, or 70-

Figure 2: Steps of developing the ANN model 
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30%. There often is a third set of data used for validating. 

In these cases, typically half of the testing set becomes the 

validating set. The number of data subsets is determined 

by the selected training algorithm. Normally, the dataset 

is divided randomly. However, it is essential that all 

subsets are representative of the collected data (Hagan et 

al., 2014).  In addition, Chao and  Skibniewski (1994) 

found that having extremes in the training dataset helped 

the performance of the model. In this research, first the 

dataset obtained through the data collection is divided 

randomly into training, testing, and validating subsets in 

a 70-15-15% ratio. Then the divisions producing similar 

results across the subsets can be used for further analysis. 

After the input and output variables are defined, the 

network type has to be chosen. One option is to select a 

basic network paradigm, another is to define a new one 

(Moselhi et al., 1991). The network can learn in three 

ways. In the case of supervised learning, both the input 

and the output dataset is presented to the network, which 

calculates a predicted output for each input set, and then 

it is compared to the desired output (Flood and Kartam, 

1994a). Another option is to provide a grade as an output, 

this is called reinforcement learning (Boussabaine, 1996).   

In the case of unsupervised learning, the targeted output 

dataset is not given to the network (Boussabaine, 1996). 

For example, self-organising maps belong to this category 

(Oral et al., 2016). Based on the direction of the 

connections, there are feedforward and recurrent 

networks. Feedback loops can be found in the latter 

(Forbes et al., 2004). The networks can also be static or 

dynamic. In the case of the former, the values of the input 

variables remain constant, while in the case of the latter, 

these values change over time (Flood and Kartam, 1994b). 

Deterministic and stochastic networks can be 

distinguished, as well. In probabilistic neural networks 

probability density functions are used (Specht, 1990). The 

advantage of probabilistic neural networks is that they can 

be trained fast on sparse datasets (Sawhney and Mund, 

2002; Tam et al., 2005). Feedforward backpropagation 

networks are the most commonly used ones, see, for 

example, El-Gohary et al. (2017), or Tsehayae and 

Robinson Fayek (2016). Moselhi et al. (1991) chose 

backpropagation for its high accuracy and high 

interpolative performance. Other types include the radial 

basis used by, for instance, Moselhi and Khan (2012). 

Gerek et al. (2015) compared the performance of these 

two types of networks, and found that the radial basis 

network was more appropriate for their bricklaying 

example. Golnaraghi et al. (2019) investigated the 

application of the general regression network, and the 

adaptive neuro-fuzzy inference system in addition to the 

two above-mentioned networks. The backpropagation 

network suited the formwork assembly activity the best as  

presented in their paper (Golnaraghi et al., 2019). Oral et 

al. (2016) used the self-organising map approach for a 

ceramic tiling activity. Bailey and Thompson (1990) 

presented the characteristics of many network paradigms. 

The previously mentioned input variables are static, 

they do not change over time. The target output was 

measured; therefore, the training of the network is 

supervised. There are no feedback loops in the network, a 

feedforward network is defined. Due to its accuracy and 

high interpolative performance, backpropagation is 

selected. 

The optimal network configuration can be obtained by 

following a trial-and-error approach, as there are no 

formal rules concerning this (Boussabaine and Kirkham, 

2008; El-Gohary et al., 2017). To determine the network 

architecture, decisions have to be made concerning the 

number of hidden layers and the number of neurons in 

each of these layers. It is worth starting with one hidden 

layer (Boussabaine and Kirkham, 2008). Two layers, 

however, can provide greater flexibility (Flood and 

Kartam, 1994a). Having too few hidden neurons in the 

network might lead to underfitting, and produce high error 

values (Flood and Kartam, 1994a; El-Gohary et al., 2017). 

On the other hand, too many hidden nodes can lead to 

overfitting, in which case the error values are low; 

however, the network cannot work well outside the 

training patterns (Flood and Kartam, 1994a; El-Gohary et 

al., 2017). At the start, the number of hidden neurons can 

be set at 2/3 or 70-90% of the input neurons, or at the 

average of the number of input and output nodes 

(Boussabaine and Kirkham, 2008; El-Gohary et al., 

2017). Having more than 2-2.5 times as many hidden 

neurons as input nodes might cause instability in the 

network (Patel and Jha, 2015; Ayhan and Tokdemir, 

2019). Probabilistic neural networks typically have one 

hidden layer with as many neurons as training patterns 

(Sawhney and Mund, 2002; Tam et al., 2005). One of the 

chosen network configurations can be seen in Figure 3. 

There are seven input neurons (one for each input variable 

mentioned before) and one output neuron (the forecasted 

productivity rate). There is one hidden layer. Based on the 

above recommendations, the number of hidden neurons is 

between 4 and 20. However, networks with a higher 

number of neurons (40, 100, 150) are also tested in the 

case of certain training algorithms. Furthermore, 

networks with two hidden layers with 5-40 neurons per 

layer are also examined. 

The training algorithm or learning rule determines 

the way in which the weights are recalculated over the 

course of training. Selection depends on many factors, 

including the network type, and the dataset. In the case of 

backpropagation networks, the application of the 

generalised delta rule used to be widespread (Bailey and 

Thompson, 1990; Adeli, 2001). Adeli (2001) 

recommended choosing the adaptive conjugate gradient 

algorithm instead. Several models use the Levenberg-

Marquardt algorithm due to it being fast and powerful, 

see, for example, Gerek et al. (2015). Another option is 

the Bayesian Regularisation algorithm suggested for 

small and noisy datasets, see, for example, Golnaraghi et 

al. (2019). Heravi and Eslamdoost (2015) compared the 

application of Bayesian Regularisation and scaled 
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conjugate gradient learning rule, and found that the 

former had better generalisation performance. In the case 

of radial basis networks, the Gaussian function is the most 

commonly used (Adeli, 2001). For examples, see Gerek 

et al. (2015) and Moselhi and Khan (2012). Performance 

can be improved by allowing the learning rate to be 

modified during the training process; therefore use can be 

made of algorithms with adaptive learning rates 

(MathWorks United Kingdom, no date b). In this 

research, altogether six training algorithms are selected. 

The most frequently used Levenberg-Marquardt 

algorithm is the first choice for its speed and power. The 

Bayesian Regularisation algorithm recommended for 

noisy and small datasets is selected also for preventing 

overfitting. Two training algorithms (gradient descent 

with adaptive learning rate backpropagation and gradient 

descent with momentum and adaptive learning rate 

backpropagation) with adaptive learning rates are chosen, 

as well, for their ability to enhance performance by 

amending the learning rate. The Broyden-Fletcher-

Goldfarb-Shanno quasi-Newton backpropagation is 

selected for its speed (MathWorks United Kingdom, no 

date a). The scaled conjugate gradient algorithm is chosen 

for its efficiency (Hagan et al., 2014). 

Over the course of the training of the network, the 

difference between the targeted and the predicted output 

is calculated, typically, with the help of statistical tools. 

This will be later used to evaluate the performance of the 

given network configuration. The most commonly used 

performance measures are the mean squared error (or 

the root-mean-square error), the mean absolute 

percentage error, the mean absolute error, and the 

correlation coefficient. In this study, the mean squared 

error, the mean absolute percentage error, and the 

correlation coefficient are used to evaluate the network 

configurations. 

The output of the neurons is calculated based on the 

weights of the connections. Then a transfer or activation 

function is applied to this result (Flood and Kartam, 

1994a). These functions can be linear, threshold, or 

sigmoid, which is the most widely used  (Boussabaine and 

Kirkham, 2008). Portas and AbouRizk (1997) selected a 

sigmoid, while Tsehayae and Robinson Fayek (2016) 

applied a hyperbolic sigmoid transfer function. Heravi et 

al. (2015) experimented with different combinations of 

log-sigmoid, tangent sigmoid, and linear functions. They 

found that the log-sigmoid functions performed well with 

Bayesian Regularisation, while the tangent sigmoid 

function failed with the same algorithm (Heravi and 

Eslamdoost, 2015). Gerek et al. (2015) used saturating 

linear and linear activation functions in their two-layer 

feedforward network. Sigmoid functions are the most 

commonly used and best resemble the behaviour of 

biological neurons (Boussabaine and Kirkham, 2008). 

They are advised in the case of backpropagation by Bailey 

and Thompson (1990). Therefore, in this study, log-

sigmoid and tangent sigmoid activation functions are 

selected for the first, or in the case of two hidden layers, 

the first two layers, and a linear transfer function is 

applied for the final layer.   

After making the decisions regarding the initial 

settings of the network, the training and the testing could 

start. Next came the evaluation of the performance of 

the network configuration using the selected measures. If 

the performance is not satisfactory, there are two options. 

If the performance is below expectations, the network 

attributes need to be changed and the training and testing 

run again. The modifications are made one at a time to be 

able to observe the effect of the change. The other option, 

in the case of better performing networks, is to retrain the 

network with the same configuration to see if using 

different weights during training could help enhance the 

performance. This cycle continues until the optimal 

network configuration is found; the calibration is ready. 

When that happens, the network is ready, it can be used 

with new datasets to predict solutions and values (see 

Figure 2).   

CONCLUSIONS 

Investigating how different factors affect productivity 

is crucial for achieving higher levels of productivity on 

construction projects, and ultimately improving the 

performance of the sector. More realistic productivity 

rates lead to better schedules, cost calculations, and 

resource allocation. Artificial neural networks can be well 

used for such problems as they are able to provide 

solutions for complex problems involving non-linear 

relationships (Boussabaine, 1996). To help with model 

development for productivity studies, this paper 

summarises the decisions that need to be made and 

presents the considerations in the case of a model for 

bricklaying. 

With the definition of the exact problem, the input 

variables are determined. The output variable is the 

productivity rate. After choosing the most suitable 

network type, the possible network configurations need to 

be listed. This includes choosing the number of hidden 

layers, and the neurons in each layer, the division of the 

dataset into training, testing, and validating datasets, the 

selection of the learning rule, and the transfer function. 

The interested reader is referred to the detailed 

explanation on how to choose the parameters for the 

network configuration in the previous section.  

When the training and testing of all the networks are 

finished, they need to be compared and evaluated based 

on the chosen performance measures. In this way, the 

most optimal network configuration can be selected and 

used for predicting the productivity rate of the bricklaying 

activity.  

    In further stages of model development, the ANN 

model can be part of a discrete-event simulation model, 

where the bricklaying activity durations come from the 

ANN model component. This will be achieved based on 

the framework for creating hybrid simulation models, in 

which various simulation methods (such as discrete-event 

simulation) are combined with each other or other 
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techniques (such as ANN), developed by Bokor et al. 

(2019). 

As discussed in this paper, ANN and algorithms based 

on ANN are approaches that look into capturing 

knowledge from datasets. These models have the potential 

to transform the construction industry with the use of 

data-based solutions that can improve the way projects are 

delivered. In this particular case, ANN can be used to 

determine more realistic productivity rate predictions for 

accurate time and cost estimates, and improved project 

planning in bricklaying.  
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ABSTRACT 

Construction projects have been experiencing project 
delays for decades. As an executive guide to construction 
activities, construction schedules can mitigate delay risks 
and are essential to project success. Yet, creating a quality 
construction schedule is often the outcome of experienced 
schedulers, and what makes it harder is the fact that 
historic information including decision reasoning was not 
documented and disseminated for future use. This study 
proposes a graph-based method to find the time- and risk-
efficient construction method patterns from historic 
projects to help schedulers improve productivity and 
accuracy. The method leverages schedule data (including 
activity names, Work Breakdown Structure, and start and 
finish date) that were obtained from a Tier-1 contractor 
for this study. The method was validated for excavation 
activities. The results indicate that the most time-efficient 
excavation activities can be done in 0.6% of total project 
time. The proposed method can help industry 
professionals standardise scheduling guidelines and 
automate the generation of construction schedules for 
critical subtasks. 

INTRODUCTION 

The question that this research addresses is how to find 
construction method patterns and use them to optimise 
construction planning for new projects. This study defines 
a construction method pattern as a common activity 
sequence for a subtask, sometimes also known as ‘method 

logic’ in practical scheduling software (e.g. Primavera). 
Frequency is the key feature that distinguishes a 
construction method pattern from an activity sequence. 
Method patterns are generalised and can be deployed into 
the scheduling of other projects; hence, method patterns 
should not be constrained by project characteristics. 
Another key term is the construction schedule, which is 
defined as the timetable for a project, programme or 
portfolio, which shows how the work will progress over a 
period of time given limited resources and uncertainty 
(Association for Project Management, 2017). 

The construction industry has a global market share 
worth $10 trillion (Blanco et al., 2016); however, 
construction projects are often plagued by project delays 
and cost overruns. 98% of megaprojects suffer cost 

overruns of more than 30% and 77% are at least 40% late 
(Changali et al., 2015).  

A construction schedule, as the executive guide to 
construction activities, is particularly important to 
manage the project effectively and mitigate potential 
delay risks.  However, producing quality schedules 
requires schedulers to have comprehensive knowledge to 
identify potential risks and allocate time contingencies to 
mitigate against these risks (De Snoo et al., 2011), in 
particular when addressing uncertainty and allocating 
time contingency (Brockmann, 2012). Therefore, learning 
from historic projects enables schedulers (particular 
inexperienced schedulers) to produce quality schedules in 
future projects.  

However, this is impractical and rarely done. 
Inexperienced schedulers rarely have the time and 
patience to study raw schedule data and derive patterns of 
their own, due to the size of the datasets involved and the 
trivial nature fo the task. This is an area that machine 
learning would be expected to perform well. However, 
most scheduling data available are too unstructured for 
direct use in current machine learning systems, often 
yielding very poor performence.  

A construction project often contains repetitive 
activities. However, many activity names with the same 
meaning are written differently with substantial 
identifying information often ommitted. This is because 
they are written to be read by humans, who are able to 
infer the ommitted content from a combination of 
experience and the context in which the activity is present 
in. This study proposed a graph-based approach that has 
the potential to address this challenge and encapsulate 
construction schedules with repetitive activities in 
construction method patterns.  

For instance, the example shown in Figure 1 presents 
an excavation schedule. The excavation process of Base 3 
and Base 4 are the same, starting from excavation 
followed by shutter, pouring, curing and striping concrete, 
and ending with backfill. Base 5 was scheduled slightly 
different. Blinding and placing reinforcement were put as 
separate activities. This example highlights the most 
common problem in the current scheduling naming 
practice: repeated activities are described in different 
levels of detail.  
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Figure 1: Motivating Case 

The next section summarises literature in deriving 
construction method patterns and introduces the concept 
of a graph. This is followed by an explanation of the 
proposed graph-approach, and then the research 
methodology and results. Discussion and conclusions are 
presented at the end. 

LITERATURE REVIEW 

There are overall three types of approaches to find 
construction method patterns: Case-Based Reasoning 
(CBR), model-based scheduling, and ontology-based. 

CBR is an approach that recalls an earlier case 
comparable to the present case and uses that to suggest a 
solution to the new problem (Kolodner, 1992). Benjamin 
et al. (1990) built a knowledge-based prototype using 
CBR to identify precedence relationships and the Work 
Breakdown Structure (WBS) by mimicking the process of 
an expert’s decision making. Muñoz-Avila et al. (2001) 
introduced a case-based planning algorithm to generate 
project plans using previous cases. The follow-up 
research integrated CBR to help project planners create 
WBS more efficiently (Muñoz-Avila et al., 2002). CBR 
requires the situational context of both the earlier situation 
and the present situation. CBR is an effective approach to 
applying decisions made in previous similar situations, 
but not to find generalised construction method patterns. 

Model-based scheduling approaches find construction 
method patterns from building models. A typical example 
of model-based automatic scheduling is MOCA, which 
formalises construction methods based on product models 
(Fischer et al., 1994). Wu et al. (2010) used a similar 
approach to look at the construction logic of bridge 
construction. Fırat et al. (2007) broadened the scope of 
model-based automatic scheduling to resource and cost 
allocation. The follow-up research (i.e. Firat et al. (2009)) 
interacts with automatically generated schedules with 
project managers to improve the scheduling quality and 
customised it to project constraints. However, model-
based scheduling approaches heavily rely on the 
availability and the level of details of building models. 

The current application of Building Information 
Modelling (BIM) in practice is not sufficient to deploy 
model-based scheduling approaches if its availability 
throughout the lifecycle and the level of detail is 
considered. 

Ontology-based approaches use an ontology-based or 
rule-based framework to configure construction 
processes. Benevolenskiy et al. (2012) developed a 
framework that combines ontology-based with rule-based 
process modeling to configure the construction process 
for ‘structural concrete  subtasks. Cao and Hall (2020) 
developed an ontology to configure product information 
for modular construction by enriching process 
information. Ontology-based approaches provide the 
flexibility to configure and modify construction 
processes. However, it is a labour intensive process to 
generalise the configuration of construction processes 
across all types of projects.  

There are also other approaches to find construction 
method patterns. Pan (2008) used fuzzy Analytical 
Hierarchy Process to select the suitable bridge 
construction method. Hegazy and Kamarah (2008) 
optimised repetitive scheduling for high-rise construction 
using genetic algorithms. However, these approaches 
focus on small datasets and are project-based. 

What is a Graph? 

A graph G(V,E) is comprised of vertices V and edges E 
(Diestel, 2017). There are two types of graphs: undirected 
and directed. An undirected graph connects vertices with 
bidirectional edges; whereas, a directed graph connects 
vertices with uni-directional edges (Sedgewick and 
Wayne, 2011). Two connected vertices can be transversed 
in either direction in an undirected graph, but cannot in a 
directed graph.  
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Figure 2: Schedules = Directed Graphs 

In a construction project schedule, a vertex is an 
activity and an edge is the logical relationship between 
two activities. A construction project schedule is a 
directed graph since the construction process is not 
bidirectional. Figure 2 depicts the above description. 
Node classification is one of the classic applications of 
graph learning, which predicts the label associated with 
all the nodes. Examples of node classification include 
classifying social network data (Bhagat et al., 2011), 
classifying the function of proteins in the interactome 
(Hamilton et al., 2017), and classifying the topic of doc-
uments based on hyperlink or citation graphs (Kipf and 
Welling, 2016). There isn't much literature that classifies 
construction schedules as a graph. (Mosca 2019) learned 
embeddings for construction activities by capturing the 
textual and numerical information in construction sched-
ules, which has then been used to generate the probabil-
ity distribution of a task duration. Available graph-based 
node classification methods include graph kernel meth-
ods and Graph Neural Networks (GNNs). Weisfeiler-
Lehman kernel is a typical graph kernel method that ap-
proximates graph isomorphism to check whether two 
graphs have the same label set (Shervashidze et al., 
2011). GNNs is a general framework for defining deep 
neural networks on graph data.  

The advantage that distinguishes GNNs from other 
classifiers, particularly Multi-Layer Perceptrons, is 
permutation invariance. Permutation invariance is a 
property that processes inputs regardless of their arbitrary 
ordering (Hamilton, 2020). This characteristic helps 
graph-based processes because construction activities are 
connected with a logical order. Therefore, GNNs are the 
theoretically best approach to categorise construction 
schedule data. A Graph Convolution Network (GCN) is a 
type of GNNs designed for graph datasets. It is a simple 
and effective method for capturing high order 
neighbourhood information (Kipf and Welling, 2016). 
Therefore, the proposed graph-based method is built 
based on GCN.  

Knowledge Gaps, Objectives and Research Questions 

Previous studies used case-, model-, and ontology-based 
methods to find construction method patterns. However, 
these methods have their limits in practical use. Case-

based methods have the ability to forecast decisions based 
on the context of both the earlier case and the present case. 
Model-based methods are limited by the often 
unavailability of detailed project information models at 
the project planning stage. Ontology-based methods are 
limited in their ability to generalise construction method 
patterns across project types. This study aims to address 
these limitations by leveraging graph-based approaches to 
categorise construction schedule data. 

This study proposes a graph-based method to identify 
construction method patterns, and hence to automate and 
optimise construction planning for new projects. This 
study aims to answer the question: How to find the most 
time- and risk-efficient construction method patterns? 
The following objectives are summarised to achieve the 
aim:  
• Extract construction activities’ feature representation, 
• Identify construction method patterns, 
• Find the most time- and risk-efficient construction 

method pattern. 

PROPOSED METHOD 

This section describes the proposed graph-based method 
to classify construction method patterns. Figure 3 
summarises the steps of the proposed method starting 
from data pre-processing to formulating the feature matrix 
and the adjacency matrix before building a graph. The 
proposed method was validated on earthwork and 
foundation construction activities because they are 
common to most construciton projects and their first 
onsite step. The GCN model consists of an input layer, a 
hidden layer, and an output layer. The input of a GCN 
model comprises of a feature matrix and an adjacency 
matrix. 

 
Figure 3: Flowchart of the Proposed Method 

Step 1 – Formulating feature matrix. A feature matrix 
describes the features of nodes in a graph. In the case of 
this study, a feature matrix describes the features of all the 
schedule activities; i.e. numerical features (i.e. activity 
duration) and text features (i.e. activity names and its 
WBS). This study used two metrics to describe the 
numerical features of an activity - relative activity 
duration and long duration. Relative activity duration is 
the ratio of an activity duration to the project duration 
(estimated as Eq. (1)). It is used because the time needed 
to complete an activity is affected by the project size. 
Laying a shallow foundation for an independent house is 
quicker than laying a deep foundation for a skyscraper.  𝑅𝑅𝑅𝑅𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑖𝑖/ ∑ 𝐷𝐷𝑖𝑖𝑖𝑖   Eq. (1) 
where i is the ith activity, Di is the duration of ithactivity 

Log duration is the logarithm to activity duration used 
to account for zero-duration activities (estimated as Eq. 
(2)). Activities such as milestones are important to 
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method pattern classification because they signal the 
commencement and completion of a sequence of 
activities. However, durations of these milestones are 
usually zeros. This study used the logarithm to activity 
duration to avoid infinite values when building the 
adjacency matrix. 𝐿𝐿𝐷𝐷𝑖𝑖 = 𝑙𝑙𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖 + 1)  Eq. (2) 

This study used word embedding to represent text 
features of an activity numerically to integrate text 
features and numerical features. Word embedding maps 
words into the vector space by training language models. 
word2vec and FastText are two typical examples of 
language models developed by Mikolov et al. (Mikolov et 

al., 2013) and Bojanowski et al. (Bojanowski et al., 2017). 
The architecture of word2vec takes one-hot encoded 
words as input, passes the input to a linear projection layer 
and a non-linear hidden layer for training, and returns the 
probabilities of target words as output (Mikolov et al., 
2013). The architecture of FastText is quite similar to the 
word2vec, but takes n-gram features as input (Joulin et al., 
2017); thus the vector of a word is made of the sum of its 
n-gram (e.g., the word vector ‘rebar’ is the sum of the 

vectors of ‘reb’, ‘eba’, ‘bar’). This study tested FastText 
on a set of test words that are frequently seen in the 
construction context and summarised based on our 
domain knowledge.  

Text features of an activity in this study include the 
activity name and the name of its WBS level to capture 
more contextual information of an activity. FastText 

trains weights of the hidden layers by minimising the 
cross-entropy loss using gradient backpropagation 
(Mikolov et al., 2013). Weights of the hidden layer form 
the embedding matrix and are stored locally to produce 
embedding for construction activity names. Once a 
FastText is finely tuned, activity names and WBS were 
fed into the tuned model to derive word vectors. FastText 

represent words in vectors; whereas construction activity 
names usually comprise multiple words. This study 
counted the frequency of each word in every construction 
activity, obtained the word vector of each word via 
feeding words into the tuned FastText model, and then 
sums the vector of an activity. 

Step 2 – Dimension Reduction. This study employed 
Principal Component Analysis (PCA) for dimensionality 
reduction. This suppresses noise and speeds up the 
computation of pairwise distances between samples once 
all features have complied. PCA is a statistical procedure 
used to transform attributes of a dataset into a new set of 
uncorrelated variables called Principal Components 
(PCs), while retaining the variability of the original 
dataset (Howley et al., 2006). This study fed the feature 
matrix obtained in the last step into a PCA model to 
achieve 99% explained variance and represented a 
sparsed feature matrix with condensed PCs. 

Step 3 – Formualting adjacency matrix. An 
adjacency matrix describes the connection of nodes in a 
graph and each node has a self-loop that connects a vertex 
to itself (Kipf and Welling, 2016)(Sedgewick and Wayne, 

2011). An adjacency matrix describes how each activity 
is linked with others in the context of this study. Given the 
nature of construction schedules, this study incorporated 
two types of information in an adjacency matrix: the 
graph structure of a project schedule and logic links 
between activities (i.e. Finish to Start). We assigned a 
weight to each edge based on the frequency of its logic 
link in the project. Figure 4 shows the corresponding 
adjacency matrix of Figure 2. 

 
Figure 4: Adjacency Matrix – Example 

RESEARCH METHODOLOGY 

5,050 project schedules were collected from a Tier 1 
contractor in the UK. They contain work breakdown 
structures, construction activities and their durations, 
early start dates and early finish dates. Collected data are 
in ‘.xml’ format and then parsed to ‘csv’ format using our 
project partner’s (nPlan) library. This study further 
selected 27 completed projects which have a planned date 
and an actual date. These 27 projects are very diverse as 
shown in Figure 5.  

 
Figure 5: Type diversity of projects 

The collected project schedules are unlabelled data. 
The authors manually and randomly labelled 23% of the 
activities based on the classification system found in the 
Standard Methods of Measurement (The Royal Instituion 
of Charted Surveyors, 1988). This study used GCN as a 
semi-supervised learning method to learn from labelled 
activities to predict unlabelled activities. The trainning set 
has both labelled and unlabelled activities since this study 
takes a project schedule as a sub-graph and all project 
schedules in the training set as a whole graph. Therefore, 
there are three types of activities: labelled activities in the 
training set (a.k.a. train nodes), unlabelled activities in the 
training set (a.k.a. transductive test nodes), and unlabelled 
activities in the testing set (a.k.a. inductive test nodes) 
(Hamilton, 2020). Both training nodes and transductive 
testing nodes will be used in GCN training, but the loss 
function is only computed on train nodes (Hamilton, 
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2020). This study pre-processed activity names to secure 
accuracy before feeding activity names into analysis 
models. The pre-processing steps include tokenisation, 
lemmatisation, stemming, and removing stop words. 
Tokenisation is a process that transforms text into tokens 
which are readable in a computer language (Manning et 

al., 2015). Lemmatisation and stemming are used to 
reduce the effects of inflectional form and words’ 

morphology (Habash et al., 2009). Stop words (e.g. ‘and’, 
‘the’) and punctuation was removed to eliminate 
unmeaningful words. 

RESULTS 

GCN Input 

This study trained a FastText model on 5,050 project 
schedules with a vocabulary size at 42,420. There are 
three main hyperparameters in FastText: embedding size 
and learning rate (Rehurek and Sojka, 2010). Embedding 
is a mapping from a word to a vector and embedding size 
is the dimension of the vector (Rehurek and Sojka, 2010). 
Learning rate is a parameter that determines how quick a 
model approaches the optimal solution (Goodfellow et al., 
2016). A small learning rate may get stuck on a 
suboptimal solution; whereas, a large learning rate may 
lead to an oscillating performance and never converge 
(Goodfellow et al., 2016). Length of character n-grams is 
another hyperparameter that decides how many 
neighbouring words are considered (Joulin et al., 2017).  

The optimal FastText model was determined by the 
accuracy in finding similar words. This study pre-defined 
a value range for each hyperparameter and computed the 
accuracy of finding similar words for the test words. The 
optimal language model is the one with hyperparameters 
that demonstrated the highest accuracy in finding similar 
words for the test words. The optimal FastText model has 
the following characteristics: 60 embedding size, 7 
negative samples and 7 character n-grams.  

The next step is deriving text features of construction 
activities by feeding activity names and WBS into 
FastText model, and then integrating relative activity 

duration and log duration before reducing feature 
dimensions. Figure 6 shows the explained variance of 
PCA over the numbers of PCs. This study used the oldest 
method – the elbow method - to determine the numbers of 
PCs. In the elbow method, the moment when the cost 
function value  drops dramatically and reaches plateau 
afterwards indicates that the ideal  is reached (Kodinariya 
and Makwana, 2013). Five PCs are sufficient according 
to elbow method. 

 

Figure 6: Explained Variance - PCA 

GCN Tuning 

The next step is GCN tuning and this study tuned two 
hyperparameters: learning rate and the size of the hidden 
layer. The previous section described the learning rate and 
its impacts. The number of neurons in the hidden layer is 
another hyperparameter. A deep hidden layer may lead to 
overfitting; whereas a shallow hidden layer may be 
underfitting (Goodfellow et al., 2016). This study used the 
hyperparameters tuned by (Kipf and Welling, 2016) as the 
baseline to benchmark the tuning performance. The 
baseline model has 16 neurons in the hidden layer and the 
learning rate is 0.01.  

Figure 7 shows the train accuracy and test accuracy of 
different hyperparameters, and the results indicated that 
70 neurons in the hidden layer and 0.02 learning rate is 
the most accurate combination. Other three key 
characteristics that describe a GCN are optimiser, loss 
function, and regularisation. This study used Adam 
optimisation to optimise the cross-entropy loss at a drop-
out rate of 0.3.  

 
Figure 7: GCN Tuning 
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Figure 8: Method patterns – Results 

Table 1: Cosine Similarity of Activities in Tank Base Construction Sequence 

 

Foundation Construction Method Patterns 

This study found 1 method pattern and 34 sequences in 
total. Figure 8 (a), an excavation and backfill method 
pattern, is the most common method pattern found that 
has shown 4 times. It starts from ‘Excavate to Formation’, 
followed by ‘Shutter’, ‘Concrete’ (or ‘Pour concrete’), 
and ‘Strip / Cure (concrete)’, then ends with ‘Backfill’. 
This method pattern was scheduled in two different 
timeframes. One needs 6 days to complete, and the 
relative duration of this sequence is 0.006. Another one 
needs 13 days to complete, and the relative duration of 
this sequence is 0.013. Therefore, authors argue that 
foundation excavation activities in a construction project 
can be done in 0.6% of total project time. However, not 
all the activities in this sequence were updated with the 
actual start date and finish date. Therefore, this study 
cannot judge which sequence is the best risk-efficient 
practice.  

Although 34 sequences were found, many of these 
sequences are project-based because it only appeared 
once and has project constraints (e.g. location). Figure 8 
(b) – Tank Base Construction sequence is a typical 
example. There are two pairs of activities (‘Mainframe 

Base GL1-GL8’ vs ‘Mainframe Base GL8-GL16’ and 
‘Piling to Autoclave Mezzanine and AC Base 185 no.’ vs 
‘Piling to AD Base 32 no.’) are, in essence, the ‘similar’ 

activities, but performed in different areas. 
One may argue that finding a similarity threshold to 

find and eliminate ‘similar’ activities can solve the 

repetition problem and translate sequences into patterns. 
Table 1 summarises the cosine similarity of the two pairs 
‘similar’ activities in Figure 8 (b). Cosine similarity is a 
metric (dot product over magnitudes) used to measure 
how similar the documents are irrespective of their size 

(Singhal, 2001). All the activities are quite similar to 
others since the cosine similarity ranges between 0.97 and 
1.0.  

The similarity between ‘Mainframe Base GL1-GL8’ 

and ‘Mainframe Base GL8-GL16’ is approximately 1.0, 
which indicates that these two activities are ‘nearly’ the 

same. The similarity between another pair (‘Piling to 

Autoclave Mezzanine and AC Base 185 no.’ vs ‘Piling to 

AD Base 32 no.’) is 0.99, which is close to ‘nearly’ the 

same. However, 0.99 is not a good threshold value since 
the similarity between ‘Mainframe Base GL1-GL8’ and 
‘Piling to AD Base 32 no.’ is also 0.99. Therefore, 
translating sequences to patterns by finding and 
eliminating ‘similar’ activities is not feasible. 

DISCUSSIONS 

This study designed and tested a graph-based approach to 
classify construction activities into construction method 
patterns, which can then be used as the generalised best 
practice to initiate the schedule of new projects. The 
proposed method captures the text, numerical and 
graphical features in construction schedules. The results 
of this study indicated that the proposed method can 
encapsulate construction activities into construction 
method patterns.  

This study found 1 construction method pattern and 34 
sequences. An excavation method pattern was found 4 
times; whereas other sequences were found only once. 
The proposed did partially addressed the ‘repetition’ 

challenge explained in the motivating case since it 
encapsulate excavation activities that have repeated 4 
times into one process pattern. However, the ‘repetition’ 

challenge is not fully addressed. The proposed graph-
based method is unable to distinguish two ‘similar’ 

activities that are connected (Figure 8 (b)). Most of these 
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connected ‘similar’ activities have the same actions but at 

different locations. Translating sequences to patterns by 
finding and eliminating ‘similar’ activities is also not 

feasible.  
Future studies can address this problem via two 

solutions. One is training a grammatical model (e.g. Part-
of-Speech) to find and remove the project constraints 
(such as location) in each activity before using the 
proposed method. Another solution is data-inefficient. 
Researchers can eliminate sequences that have only show 
once since project-based sequences constrained with 
project characters. Thus, it is unlikely to find the same 
sequence again. 

Results of this study can be applied in multiple 
disciplines (e.g. prefabrication). Researchers (i.e. Cao and 
Hall (2020)) investigated the configuration of product 
information for modular construction by enriching 
process information. The proposed graph-based method 
can help to mine the construction schedules to configure 
the construction or the prefabrication process for each 
modular component.  

Results of this study are more applicable in industry 
practice, particularly at the early construction stages 
where project information was not sufficient and accurate. 
Schedulers and project managers can load generalised 
construction method patterns and then ‘projects’ the 

schedules to fit project needs. By doing so, schedulers can 
mitigate subjective risks (e.g. personal experience) and 
the impact of the lack of information to produce quality 
front planning and avoid project delays. Meanwhile, new 
schedules created based on method patterns are more 
standardised and readable for either human or machine. 
Such reading problems explained in the motivating case 
will not occur again.  

CONCLUSIONS 

This study investigated how to find the most time-
efficient construction method patterns. The proposed 
graph-based approach was tested to encapsulate 
construction activities into construction method patterns. 
The best practice to schedule a subtask was then found by 
comparing the time-efficiency of activity sequences in the 
same method patterns.  

We found an excavation method pattern and observed 
that the most time-efficient foundation excavation 
activities can be done in 0.6% of project time. The results 
of this study support researchers and industry 
professionals to generalise construction methods, and thus 
initiate and automate the construction schedule from an 
early stage of a project to minimise subjective risks.  

However, this result is not supported statistically 
given the limited sequences found. Another limitation of 
this study is that the project constraints in the construction 
activities still exist, which should be categorised to 
identify influencing factors. Future studies can investigate 
how to translate construction sequences to method 
patterns. 
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ABSTRACT 

The paper provides a support in the definition of COVID-
19 protocols in order to allow the safe re-opening of an 
educational building. It also derives a reusable approach 
extendable to other building typologies. The integrated 
adoption of multiple simulation-oriented technologies is 
investigated. A case study is considered, where crowd 
simulation, agent-based simulation and communication 
tools have been integrated with a hybrid approach. By 
means of computer games, the adoption of which is within 
the scope of this paper, end-users can experience school 
use processes within a virtual environment (1) contrib-
uting to the realism of the simulation and (2) obtaining 
useful information regarding the protocols in force to re-
duce COVID-19 risks. 

INTRODUCTION 

The pandemic emergency due to SARS-CoV-2 has 
made occupancy and behaviour analyses a crucial topic of 
the international research on building performance. Edu-
cational buildings are among the most impacted ones by 
the coronavirus pandemic, with distance learning provid-
ing only a palliative solution to the education necessities 
of students. The paper describes a case study where crowd 
simulation, agent-based simulation and communication 
tools (i.e., training videos, interactive mini-games, videos 
and formative survey) have been integrated with a hybrid 
approach in order to train end-users for a safe return to 
school.  Moreover, potentially critical behaviours of stu-
dents have been identified and new rules have been im-
posed to minimise the risk of spreading COVID-19. 

The SARS-CoV-2 effect in teaching and learning ac-

tivities 

The COVID-19 pandemic has had a strong impact on 
teaching and learning activities. In Italy, for example, the 
critical situation forced Italian schools to close from Feb-
ruary 2020 to September 2020, changing the teaching 
methodology from face-to-face to distance learning. Pre-
vious studies show that the COVID-19 crisis, as well as 
the measures taken to contain the pandemic curve, had af-
fected student learning and children's performance with 
short- and long-term effects, negatively impacting on 
skills acquisition (Di Pietro et al., 2020). For these rea-

sons, during lockdown months, analyses have been per-
formed in order to reorganise school activities and use 
scenarios with the aim to allow face-to-face teaching from 
September 2020. 
Within such a context, the Italian government developed 
protocols to allow school re-opening ensuring COVID-19 
containing, which include: 
• social distancing in both circulation paths and 

learning spaces of educational buildings; 
• mask wearing in circulation paths; 
• body temperature checking before school access 

through thermo-scanner (37.5°C is the maximum 
temperature allowed); 

• frequent hands disinfection with a hydro-alcoholic 
solution and washing; 

• micro-community organisation and segmentation; 
• regular and adequate room ventilation. 

 
In addition to the protocols issued by the Italian gov-

ernment, two guidelines have been also issued by the so-
called Technical Scientific Committee (CTS). These tech-
nical documents indicate the behavioural rules that end-
users, teachers and students in particular, have to follow 
in learning spaces. Particularly, the protocols contain 
rules regarding interpersonal distances and maximum 
number of people allowed in classrooms and in circulation 
paths. 

The first guideline was published in May 2020 (Offi-
cial Report, n.82, 2020) and determined that at least 1 me-
ter of interpersonal distance must be respected between 
end-users, both sitting at school desks or in circulation 
paths (i.e., dynamic meter). The second protocol was re-
leased in July 2020 (Official Report, n.94, 2020), with the 
aim to facilitate school directors to guarantee in-presence 
teaching activities and determine the observance of 1 me-
ter of interpersonal distance in classrooms (i.e., static me-
ter). Nevertheless, both technical documents establish that 
students over six years old must wear face masks for 
movements among circulation paths. 

Simulations of end-users’ activities in a virtual envi-

ronment 

In the last years, crowd simulation technology has 
been more and more adopted in the design phase in order 
to predict occupancy of indoor spaces. In the Architecture, 
Engineering, Construction and Operation (AECO) field, 
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this approach is often used to analyse pedestrian move-
ment inside extensive buildings (i.e., stations, shopping 
malls, airports) (Sung et al., 2004 and Lovreglio et al., 
2018). Nevertheless, some research has applied crowd 
simulation in other building typology, such as educational 
facilities (Mastrolembo Ventura et al., 2016). On the other 
hand, educational facilities imply the analysis of more 
structured use processes than other building typologies. In 
this context the Agent Based Modeling limits emerge. 
Moreover, the need of reaching high levels of realism of 
simulated phenomena has led, in the last 10 years, to hy-
brid systems that integrate agents (BOTs), multiple play-
ers (avatars) and smart narratives, frequently supported by 
agents progressive training using reinforcement learning 
techniques (Taylor et al., 2014). 

Although the application of crowd simulation to pan-
demics control strategies is quite unexplored, there are 
some primitive studies that analyse the required steps in 
order to secure to safe re-opening schools (Comai et al., 
2020) and some useful pre-pandemic research dealing 
with aspects that are relevant for epidemics and related 
risk assessment, such as social distancing and exposure 
time (Harweget al., 2020). 

In the presented research these simulation technologies 
have been integrated with additional digital technologies 
in order to create a communication environment where 
children can be involved effectively in order to be trained 
about in-force protocols. These communications have 
been important considering risk assessment, and therefore 
perception, is influenced by numerous individual, social, 
cultural and contextual factors (Cori et al., 2020). In the 
last decade, technology education has been established as 
a new approach for all stages of education, in particular to 
children and teenager. Computer games are an effective 
and highly motivational educational tool that has proved 
to be capable of changing users’ attitudes and raising 

awareness in a great variety of field, including healthy 
lifestyle promotion (DeSmet et al., 2014), pro-social be-
haviors (Calvo-Morata et al., 2020) and also for teaching 
hygiene principles (Kostkova et al., 2010). Game princi-
ples are also useful for everyday activities, planning, and 
organising tasks in a playful way (Szabo et al., 2020). 

Content of the paper 

The research work described in this paper has been de-
veloped adopting an existing school building, located in 
Milan (Italy) as a case study (Comai et al., 2020). The se-
lected building accommodates students from 2-to-10 
years old and consists of three floors above ground and 
one semi-basement. In the semi-basement the kitchen and 
the canteen are located; the ground floor comprises com-
mon spaces such as the atrium and the gymnasium, the 
nursery classrooms (4-5 years old children) and the kin-
dergarten classroom (2-3 years old children). In the first 
floor it is located the nursery room for 3 years old chil-
dren, while the second floor contains the classrooms of 
the primary school (6-10 years old students).  

In order to narrow the scope of the research down, a 
target group (i.e, 6-to-10-year-old students) has been con-
sidered. Training videos and interactive games based on 
crowd and agent-based simulations have been prepared to 
support the re-opening process, with the aim to analyse 
the targeted end-users’ distribution flows in circulation 

paths (i.e., atrium and corridors). The main objective of 
adopting simulation-based computer games as communi-
cation tools has been to develop and promote the correct 
behaviours among end-users in order to train them in fol-
lowing the COVID-19 protocols in force and to avoid crit-
ical situations of overcrowding. 

The continuous collaboration with the school director, 
the teaching staff and Occupation Medicine made it pos-
sible to understand the real problems that might have af-
fected the application of COVID-19 protocols and to pro-
pose effective solutions. In this context, this document 
mainly presents the last phase of the research, namely the 
different types of communication tool for promoting a 
correct and safe behaviour. 

RESEARCH METHODOLOGY 

The presented research work has been developed in 
the last months with the clear intent of providing support 
in the definition of COVID-19 protocols to a real case 
study and contemporarily derive a replicable approach ap-
propriate for other schools but also extendable to other 
building typologies. 

Figure 1: Research phases 
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Four different phases can be identified in the organi-
sation of the research (Figure 1): 

• creation of the building information model: this 
preliminary phase includes the development of 
the school building parametric model;  

• simulation phases: in this phase preliminary 
crowd simulations have been developed to cali-
brate the intended use scenarios and agent-based 
simulation have been adopted to assess the be-
haviour of single students; 

• children behaviour: analysis and identification of 
dynamic behaviour; 

• communication tools: in this phase new digital 
technologies have been used for effective com-
munication of the simulated use processes to the 
targeted end-users. Training videos, interactive 
mini-games and a formative survey have been 
generated to communicate COVID-19 proto-
cols’ rules to teachers, students and their fami-

lies. 

The exchange files took place in a traditional way us-
ing email and a cloud environment. 

The first step was essential to know the state of the art 
of the school building and to carry out preliminary anal-
yses related to the available learning and circulation 
spaces. Once the building information model was created 
(Comai at al., 2020), each floor was exported in the IFC 
neutral data format in order to be used as a basis for crowd 
and agent-based simulation as well as for the development 
of training videos and mini-games. 

Creation of the building information model 

The first methodological step involved data collection 
concerning the state of the art of the school building. The 
school director provided the research team plants and el-
evations of the building in a .dwg format. Moreover, in 
order to acquire a three-dimensional geometry and georef-
erenced photographic documentation, an innovative 
Heron mapping system was used through an indoor Mo-
bile Mapping Survey (iMMS). A 3D point cloud model 
was generated and used for the extraction of measures that 

would not be available otherwise based on the 2D docu-
mentation originally provided by the school director (Fig-
ure 2). 

 

Figure 2. 3D point cloud model of main elevation of the school 

Subsequently, a three-dimensional parametric model was 
manually generated by using the Autodesk Revit BIM au-
thoring platform. The model was then used as a basis for 
analysing classrooms’ functionality (e.g., maximum num-
ber of students allowed in each classroom) and for devel-
oping use processes’ simulations in circulation paths in 

compliance with the COVID-19 protocols in-force at the 
time of the case study’s development. 

Simulation phases 

In order to support the re-opening process, tools for 
the simulation of people flows have been developed at 
both crowd and agent-based levels. These simulations 
(Figure 3) describe children movements in a collective 
scenario. In particular: 

(1) for students of all three levels of education, en-
trance and exit processes from the building have 
been studied; 

(2) for primary school students, who are within the 
scope of this paper, also the lunch break move-
ments have been considered in the simulations.  

These analyses allowed the research team to calculate the 
maximum number of students acceptable inside the build-
ing for a specific activity according to the COVID-19 pro-
tocols. Additionally, these data were used to organise 
school timetables for students’ entrance and exit from the 
building considering the need to guarantee a minimum in-
terpersonal distance. 

 

Figura 3. Simulation in the collective scenario 
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Oasys MassMotion has been adopted as crowd simu-
lation tool. In order to obtain a more realistic crowd sim-
ulation, the software settings have been implemented with 
real movements speed of children (m/s) and with the me-
ter of interpersonal distancing imposed by the national 
CTS. To allow users’ safety during entrance and exit 
phases, the large atrium of the school has been divided in 
different zones (Figure 4). The first area is in proximity to 
the building entrance and hosts the thermo-scanner check-
point. In this zone, the body temperature of each student 
is measured, allowing his/her entrance to the schools only 
if it results lower than 37.5°C. The next zone, a few meters 
away from the previous one, is equipped with an appro-
priate hand disinfection dispenser.   

The remaining space in the atrium is divided into two 
additional zones called “waiting” and “circulation” areas. 
These areas facilitate the organisation of students in 
groups and allow the coexistence of children of different 
educational levels:  

• in the central part of the atrium, five play areas 
for the nursey students;  

• three zones have been selected to facilitate the 
organisation of primary school students during 
entrance/exits flows; 

• circulation paths link the previous areas. 

In each zone, primary school students, teachers and all 
the end-users with an age greater than 6 years old must 
wear a mask and maintain social distancing. 

 

Figure 4. The atrium organisation in zones  

In order to reach a higher level of accuracy of the sim-
ulation and of the related emerging use phenomena, it has 
been chosen to implement a behavioural simulation model 
within a game engine (Unity3D). In this environment it is 
possible to integrate (Figure 5): 

• the building information model of the educa-
tional facility, including furniture and COVID-
19-related equipment; 

• agents (BOT) representing end-users involved in 
the use process; 

• a process controller able to coordinate agents’ 

behaviour to improve adherence to the evaluated 
scenario; 

• characters directly controlled by real users (ava-
tars), with a dedicated first-shooting interface. 

 
 

 
Figure 5. The behavioural simulation of school use as simu-

lated in Unity3D 

This integration allows simulating more complex be-
haviours and interaction among agents than crowd simu-
lation, while the process controller assesses the status of 
the system and steer behaviours accordingly to objectives 
and activities of the intended use scenario. 
By means of a simplified user interface, it is also possible 
to involve real users in the simulation/serious game, and 
to allow them to move within the school, interact with 
agents and other avatars, and receive suggestions and ob-
jectives from the process controller. The direct involve-
ment of real users, in particular children and teachers, al-
lows to improve the level of realism of the simulation. In 
this way, introducing decisions, movements and actions 
taken by the player are introduced; moreover, it helps the 
understanding of the protocols and measures adopted for 
COVID-19 risk reduction because it provides preliminary 
training. 

 

Children behaviour 

After the simulation phase, there was a need to train 
users to avoid critical behaviours within the school. The 
cooperation with Occupational Medicine has been the 
crucial point in order to identify critical behaviours. The 
typical day was divided into four phases in order to map 
the related use processes: entrance/exit, lesson’s time, 

break time and lunch break. In each phase, behaviours that 
usually occur in the schools have been analysed and se-
lected according to the potential risk of transmission of 
the infection. Instructions have been identified for each 
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potentially dangerous behaviour according to contain-
ment measures of COVID-19. 

Beyond social distancing and frequent hygiene prac-
tice as hands sanitising after sneezing or coughing, the fo-
cus has been on behaviours that, in normal situations, peo-
ple instinctively do. This paper will focus on two situa-
tions, presenting their problem and the resolution of it. (1) 
One of the most common situations in the classroom is the 
sharing of stationery materials (pencils, erasers), for this 
reason it is necessary for teachers to slavishly control the 
students. Each class must have a common box, under the 
control of the teacher, containing writing materials to sup-
port children needs. Once an object from the box has been 
used, it must be placed in a second box which will be san-
itized at the end of the day. Whereas, if the sharing of ma-
terial took place between two students, the teacher is re-
quired to disinfect the hands of the children involved and 
disinfect the shared object. (2) Another common situation 
is helping children to put on coats, zipping up or tie their 
shoes. In this case, the people involved must wear masks 
and must disinfect their hands before and after helping.  

Each potentially dangerous behaviour has been re-
ported in a table. The problem and the resolution were de-
scribed and it has been identified at what phase of the 
school day it could occur. In Figure 6, the conceptual 
framework created to have an overview of the situation is 
shown. 

 

Figure 6. A conceptual framework of potentially dangerous be-

haviour 

Communication tools 

The use of new communication technologies (training 
video, interactive game) in childhood education is becom-
ing more and more relevant. Moreover, the COVID-19 
emergency has pushed the use of new digital methods 
(Figure 7). These new digital technologies help to build 
effective communication environments, in fact, they stim-
ulate the child’s curiosity and make him have fun (Ar 

Rosyid  et al., 2018)). With the authorisation of the school 
director, it was decided to produce training videos and in-
teractive mini-games to communicate new rules of con-
duct to be followed to return to school safely, which are 
the results of the simulations previously described. Fur-
thermore, a critical situation questionnaire was created to 
convey information on specific behaviours.  

 

Figure 7. Communication tools and their use 

In order to support primary and nursery students to 
come back to “in-presence” teaching activities, two train-
ing videos typology were generated. These videos were 
composed by different media contents, which comprise 
simulations of correct behaviours to maintained in collec-
tive scenarios showing the new identified circulation 
paths to avoid over-crowded conditions (Figure 8). Addi-
tionally, these videos were integrated with formative sign, 
indicating the appropriate conduct to maintain inside and 
outside the school. Considering the different capabilities 
between primary students and nursery users, different us-
ers’ group were targeted with dedicated videos (Figure 9). 
These communication method was chosen because read-
ing and viewing images accompanied by a voice guidance 
creates a stimulating context for the child's learning. In 
addition, the COVID-19 emergency has forced schools to 
use new digital methods by promoting tools that are com-
monly already used normal in other fields. 

 Finally, these videos were accompanied by a voiceo-
ver recording which explains, with friendly and engaging 
rhymes the new behavioural rules. 

 

 
Figure 8. Screenshot of the simulation on the circulation paths 
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Figure 9. Educational images. Left: sign for nursery users; 

Right: sign for primary students 

The second communication tool developed are inter-
active mini games. They teach children the importance of 
rules to minimize the risk of COVID-19 spreading and 
teach the procedures to be adopted for returning to school. 
Each game is presented through explanatory illustrations 
and captions. Moreover, between one game and another, 
illustrated screens were developed to present situations 
which take place in a typical day.  

 
Mini-games have been developed regarding the proce-
dures to be performed before going to school and before 
entering the school building. Below are the three phases 
analysed: 

● backpack preparation; 

● use of thermo-scanner at the school entrance; 

● hands sanitizing at the entrance. 
 

When entering the game, the first choice that the player is 
required to make is the choice of the student profile. Sub-
sequently, the first step to comply, while there are still at 
home, is to measure their body temperature which has to 
be under 37.5 °C. Next, the gamer has to prepare the back-
pack, then a backpack and objects around it appear on the 
screen. The player must drag and drop the object into the 
space provided. When the gamer selects the object and 
place it inside the backpack, a congratulatory exclamation 
and an explanation of why it is important not to forget the 
object appears on the screen.  (e.g, ‘Good job! Wearing 

the mask is important to protect yourself from the virus’) 
(Figure 10).  
 

 
Figure 10. Backpack preparation game 

The game continues following the child in path from 
home to school. In this case the instructions emphasize the 
importance of respecting social distancing on the side-
walk at the school entrance. Upon entering the school 
building two games appear, the first one requires the child 
to approach the thermos-scanner point where the gamer 
must wait for a time equal to 6 seconds, the time necessary 
for the device to correctly measure the temperature. The 
second mini-game requires the sanitization of the hands: 
two hands full of bacteria appear on the screen and, by 
moving the mouse or finger over them, the gel will elimi-
nate them (Figure 11).  
The game continues automatically by showing the paths 
to follow in the school atrium. 
 

 
Figure 11. Hands sanitizing game 

The latest communication tool developed in this re-
search is the formative survey on critical situations that 
can occur in the school.  
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The final illustrations regard the rules to follow in 
common environments. Images teach children how to re-
spect social distancing and the correct use of material 
(e.g., not sharing it with classmates) to prevent contami-
nation. Similar illustrations are proposed to children in a 
final survey to assess their overall learning and under-
standing of rules.  
 

The survey consists of a 16 multiple choice questions 
with four possible answers. The quiz requires a basic 
knowledge of containment measures adopted by Italian 
Government and of measures adopted by the specific 
school case study. The survey verifies the attitude of the 
children in some critical situation that can happen during 
the daily routine. The image in it shown rules for moving 
in the building and potentially dangerous behaviours. 

Moreover, this tool can be useful to inform teachers 
on children behaviour and the safe way to act in those par-
ticular situations.   

CONCLUSIONS 

The paper describes a case study in which the analysis 
on the behaviours to be maintained within the school be-
comes crucial in order to re-open an existing building 
safely during pandemic period. Information is provided 
through a series of mini-games for children, explaining 
specific rules to follow at school (e.g., use of masks, social 
distancing, temperature check, hands sanitizing). The use 
of digital communication technologies based on images 
and texts accompanied by a guided conversation stimu-
lates learning.  

From the comparison with the end-users carried out in 
the school, some advantages of adoption this approach 
emerged: 

• the opportunity to experience the scenario before 
the re-opening of the school has made it possible 
to improve management choices and actions 
based on virtual simulation; 

• the distribution of mini-games and training vid-
eos, in the week before the re-opening, allowed 
students and operators to learn about the new 
provisions adopted by the school and the new be-
haviours to be maintained, thus reducing the 
learning time at the first school days; 

• in the first days of school students already knew 
the path to follow and where to stop for temper-
ature control and hands sanitation. 

The school has started in September 2020 based on the 
results of the proposed analyses with the use of these new 
communication tools and the described digital ecosystem. 
The simulations developed were fundamental for the 
school director, allowing the school reorganisation in a 
functional way, without neglecting any aspect. Each 
choice taken, derived from a broader reasoning linked to 

needs of end-users, deadlines to be respected and COVID-
19 provisions. 

The presented work supports in the definition of 
COVID-19 protocols that can be adopted in a school 
building and related use scenarios, but the same method-
ology could be also implemented in other works, leisure 
environments and building typologies. This is possible 
since the skeletons of this study reflects the good rules of 
behaviour for reducing the spread of the virus. In such 
scenario it will be necessary to retrace the proposed meth-
odology and customise it according to the needs of the 
specific case. 

In future works, serious games based on the simula-
tions and the games reported in this paper could be devel-
oped with the aim of teaching new rules of behaviour. In 
fact, gamification represents an innovative and promising 
technology for stimulating learning. This technology is 
suitable for any age, but to be effective it must be devel-
oped according to player's needs. Indeed, two different 
contents were developed for nursery and elementary chil-
dren, in order to make them more understandable and 
stimulating. These tools could be designed to be used 
through both immersive and non-immersive virtual reality 
technologies, with the purpose to educate final users for a 
safe return to school.  Another future work could be re-
lated to the analysis of the data obtained interviewing the 
teaching staff on how communication tools have impacted 
on children’s behaviour. 
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ABSTRACT

In the field of construction works planning,
workspaces must be considered as limited resources,
in the same way as labour crews and equipment. Be-
ing the work-related spatial information both contex-
tual and affected by construction site’s dynamics, a
real-time management approach based on lean princi-
ples must be adopted. In this paper, a BIM-based se-
rious game engine, framed within a high-level system
architecture, is presented to enhance work progress
management. The generation of a geometric model to
perform look-ahead simulations for predicting spatial
conflicts is showcased relatively to a retrofitted resi-
dential building.

INTRODUCTION

In construction projects, workspaces related to simul-
taneous activities may overlap generating spatial con-
flicts. This can be explained with the fact that tra-
ditional construction scheduling techniques, such as
Gantt charts and network diagrams, are inadequate
for managing site workspaces, mainly due to the lack
of spatial representation. In addition, the dynamic
nature of construction sites does not facilitate the
manual detection of this types of interference. Spatial
conflicts and congestions, generating productivity loss
and safety hazards, represent a relevant issue which
must be urgently addressed. Recent research efforts
in this field have been spent considering workspaces
as a construction resource, similarly to humans and
equipment.

This paper proposes a dynamic management ap-
proach based on lean principles that is able to deal
with workspace interference management by perform-
ing continuous site monitoring and work-plan revi-
sion. The research contributes to the body of knowl-
edge enabling the prediction of spatial conflicts and
congestions which emerge from non-linear interac-
tions between all the actors involved within the con-
struction site. The remainder of this paper is orga-
nized as follows. In the next section Scientific Back-
ground, the state of the art regarding the manage-
ment of the space resource in the construction field is
summarized and discussed. The methodology of the
paper, concerning the integration of a game simula-
tion engine within construction management for look-

ahead simulation and prediction of spatial conflicts
is presented in the section Technology Framework.
The section Simulations and Results reports a pre-
liminary prototype and outcomes of the look-ahead
spatial simulation tool implemented for the use case
provided by the EU funded project “Encore”, that
concerns a cost-effective residential building retrofit.
Finally, the last two sections are devoted to Conclu-
sions and Acknowledgements.

SCIENTIFIC BACKGROUND

Construction projects involve several types of lim-
ited resources such as labour, equipment and space
(Tao et al., 2020). The idea of space as a type of
resource in project management was first introduced
by Boer (1998). Workspace was defined as a renew-
able resource that can be occupied for activities ex-
ecution; on completion, the space currently occupied
will be released and reused by other operations (Ma,
Zhang and Chang, 2020). As a consequence, the
space required by construction activities is dynamic,
i.e., the geometry and the location of workspaces con-
tinuously change over time, leading to a sequence
of workspaces that are associated with the project’s
tasks (Kassem, Dawood and Chavada, 2015). When
the same workspace is occupied simultaneously by
two or more activities, workspace interference occurs,
leading to significant problems such as labor safety
hazards, construction delay and loss in productiv-
ity. These kinds of interference have recorded im-
pacts as significant as up to 65% productivity loss
and a 30% delay to the entire project (Hosny, Nik-
Bakht and Moselhi, 2020). A survey conducted by
the Occupational Safety and Health Branch of the
Labor Department of Hong Kong demonstrated that
79% of the fatalities that occurred in the construc-
tion industry during 2011 were related to workspace
interference (Tao et al., 2020). Spatial collisions that
occur on construction jobsites are usually the re-
sult of poor workspace management and may pose
several threats to the project performance (Hosny,
Nik-Bakht and Moselhi, 2020). The widely used ap-
proaches are unable to avoid space conflicts. In fact,
traditional construction scheduling techniques, such
as Gantt charts and network diagrams, are inade-
quate for managing site workspaces, mainly due to
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the lack of spatial representation (Ma, Zhang and
Chang, 2020). For the aforementioned reasons, in-
corporating workspace consideration from the spatio-
temporal perspective in construction planning plays
a pivotal role. As of now, workspace planning is be-
ing performed through judgment or at most by the
aid of 2D sketches (Hosny, Nik-Bakht and Moselhi,
2020), since commercial 4D visual planning tools (e.g.
Autodesk Navisworks, Synchro) lack workspace man-
agement capabilities (Kassem, Dawood and Chavada,
2015).

The relevance of workspace management emerges
from a great variety of studies. As pointed out by
Ma, Zhang and Chang (2020), an entire line of re-
search has analyzed how tower cranes’ dynamics af-
fects both site layouts and tasks scheduling. To cite
a few, the authors Wu, García de Soto and Zhang
(2020) and Wu and García de Soto (2020) have stud-
ied the spatio-temporal planning models of tower
cranes’ tasks; the proposed mathematical models can
find the optimal solution based on three-dimensional
project data, i.e. quantity, place and time. The re-
search proposed by Tao et al. (2020) aims to schedule
construction activities considering workspace inter-
ferences classified as unacceptable (USI), which must
be avoided, and acceptable (ASI), which must be
at least controlled. To this end, a two-stage meta-
heuristic algorithm has been developed and imple-
mented in Matlab. A limitation of this research,
recognised by the authors, is the fact that it does
not include uncertainty, which inevitably affects con-
struction activities. Towards this direction, the au-
thors in (Hosny, Nik-Bakht and Moselhi, 2020) have
developed an IFC-based software tool, using Blender
game engine, in order to model workspaces probabilis-
tically and to detect interferences from 4D models.
The authors demonstrated that compounding effects
of uncertainties may significantly affect the frequency
and volume of overlapped workspaces in a project.
The paper by Ma, Zhang and Chang (2020) pro-
posed a BIM-based framework which, given the Mi-
crosoft Project schedule, detects time-space conflicts
using Navisworks SDK toolkit. A similar approach
was proposed by Tran and Pham (2020), where Syn-
chro Pro was used to define a 4D BIM model and
check workspace conflicts. The authors in (Kassem,
Dawood and Chavada, 2015) developed, within XNA
game engine, a 4D IFC-compliant tool able to support
the whole workspace management process through
the following tasks: the allocation of workspaces to
site activities, the detection of congestion, spatial and
temporal conflicts and their resolution within a 4D
environment in an interactive real-time manner. This
is a significant approach, compared to those adopted
in other studies, where some processes were executed
in the design authoring tool (i.e. workspace allocation
in AutoCAD or Autodesk Revit) — which are not
tools that are frequently used by project planners —

and other processes in the planning application (i.e.
conflict detection in Microsoft Project) (Kassem, Da-
wood and Chavada, 2015).

According to the scientific literature, the general
process of workspace management can be described
as the sequence of workspace generation and allo-
cation, conflicts detection and, finally, their resolu-
tion (Kassem, Dawood and Chavada, 2015). First
of all, a general rule must be defined in order to
classify workspaces. Several classifications and vo-
cabulary to describe workspaces are available in lit-
erature; the lack of an authoritative categorization
is a challenge for the process of workspace manage-
ment (Kassem, Dawood and Chavada, 2015). The
required workspaces for the construction activity of
a building component are geometrically represented
in a 3Dimensional environment through bounding
boxes (Kassem, Dawood and Chavada, 2015). The
bounding box method is most widely used in detect-
ing virtual space collision; this method expands the
space occupied by irregular objects and uses the con-
vex surface in representation to simplify the collision
detection algorithm (Ma, Zhang and Chang, 2020).
Once collisions are detected, their severity must be
computed in order to choose a resolution strategy
(Hosny, Nik-Bakht and Moselhi, 2020). Digital twins
have been introduced as the only approach that can
reasonably deal with the complexity of processes in-
volved in construction management. The authors in
(Grieves and Vickers, 2017) have introduced the con-
cept of the digital twin as a virtual representation of
a manufactured asset; this promotes the idea of com-
paring a digital twin to its engineering design to bet-
ter understand what was produced versus what was
designed, tightening the loop between design and ex-
ecution.

In the contribution that is reported in the rest of
this paper, we claim that the integration or interface
of game engines within digital twins to the purpose of
construction management can provide benefits, such
as the prediction of imminent spatial conflicts, which
can support the work of site managers and supervi-
sors thanks to a timely warning. This helps to realize
the lean construction approach, such as the one sug-
gested by the Last Planner System (Gao and Low,
2014).

A FRAMEWORK FOR AUTOMATED SPA-

TIAL CONFLICT PREDICTION

Lean principles for workspace management

As reported in the previous section, the construction
site is a dynamic environment where workspaces’ ge-
ometry and location change over time. In this con-
text, many work-related spatial information (e.g., the
best route connecting consecutive workspaces) de-
pends on contextual information (e.g., detailed site
layout), available with short advance. As more de-
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the lack of spatial representation (Ma, Zhang and
Chang, 2020). For the aforementioned reasons, in-
corporating workspace consideration from the spatio-
temporal perspective in construction planning plays
a pivotal role. As of now, workspace planning is be-
ing performed through judgment or at most by the
aid of 2D sketches (Hosny, Nik-Bakht and Moselhi,
2020), since commercial 4D visual planning tools (e.g.
Autodesk Navisworks, Synchro) lack workspace man-
agement capabilities (Kassem, Dawood and Chavada,
2015).

The relevance of workspace management emerges
from a great variety of studies. As pointed out by
Ma, Zhang and Chang (2020), an entire line of re-
search has analyzed how tower cranes’ dynamics af-
fects both site layouts and tasks scheduling. To cite
a few, the authors Wu, García de Soto and Zhang
(2020) and Wu and García de Soto (2020) have stud-
ied the spatio-temporal planning models of tower
cranes’ tasks; the proposed mathematical models can
find the optimal solution based on three-dimensional
project data, i.e. quantity, place and time. The re-
search proposed by Tao et al. (2020) aims to schedule
construction activities considering workspace inter-
ferences classified as unacceptable (USI), which must
be avoided, and acceptable (ASI), which must be
at least controlled. To this end, a two-stage meta-
heuristic algorithm has been developed and imple-
mented in Matlab. A limitation of this research,
recognised by the authors, is the fact that it does
not include uncertainty, which inevitably affects con-
struction activities. Towards this direction, the au-
thors in (Hosny, Nik-Bakht and Moselhi, 2020) have
developed an IFC-based software tool, using Blender
game engine, in order to model workspaces probabilis-
tically and to detect interferences from 4D models.
The authors demonstrated that compounding effects
of uncertainties may significantly affect the frequency
and volume of overlapped workspaces in a project.
The paper by Ma, Zhang and Chang (2020) pro-
posed a BIM-based framework which, given the Mi-
crosoft Project schedule, detects time-space conflicts
using Navisworks SDK toolkit. A similar approach
was proposed by Tran and Pham (2020), where Syn-
chro Pro was used to define a 4D BIM model and
check workspace conflicts. The authors in (Kassem,
Dawood and Chavada, 2015) developed, within XNA
game engine, a 4D IFC-compliant tool able to support
the whole workspace management process through
the following tasks: the allocation of workspaces to
site activities, the detection of congestion, spatial and
temporal conflicts and their resolution within a 4D
environment in an interactive real-time manner. This
is a significant approach, compared to those adopted
in other studies, where some processes were executed
in the design authoring tool (i.e. workspace allocation
in AutoCAD or Autodesk Revit) — which are not
tools that are frequently used by project planners —

and other processes in the planning application (i.e.
conflict detection in Microsoft Project) (Kassem, Da-
wood and Chavada, 2015).

According to the scientific literature, the general
process of workspace management can be described
as the sequence of workspace generation and allo-
cation, conflicts detection and, finally, their resolu-
tion (Kassem, Dawood and Chavada, 2015). First
of all, a general rule must be defined in order to
classify workspaces. Several classifications and vo-
cabulary to describe workspaces are available in lit-
erature; the lack of an authoritative categorization
is a challenge for the process of workspace manage-
ment (Kassem, Dawood and Chavada, 2015). The
required workspaces for the construction activity of
a building component are geometrically represented
in a 3Dimensional environment through bounding
boxes (Kassem, Dawood and Chavada, 2015). The
bounding box method is most widely used in detect-
ing virtual space collision; this method expands the
space occupied by irregular objects and uses the con-
vex surface in representation to simplify the collision
detection algorithm (Ma, Zhang and Chang, 2020).
Once collisions are detected, their severity must be
computed in order to choose a resolution strategy
(Hosny, Nik-Bakht and Moselhi, 2020). Digital twins
have been introduced as the only approach that can
reasonably deal with the complexity of processes in-
volved in construction management. The authors in
(Grieves and Vickers, 2017) have introduced the con-
cept of the digital twin as a virtual representation of
a manufactured asset; this promotes the idea of com-
paring a digital twin to its engineering design to bet-
ter understand what was produced versus what was
designed, tightening the loop between design and ex-
ecution.

In the contribution that is reported in the rest of
this paper, we claim that the integration or interface
of game engines within digital twins to the purpose of
construction management can provide benefits, such
as the prediction of imminent spatial conflicts, which
can support the work of site managers and supervi-
sors thanks to a timely warning. This helps to realize
the lean construction approach, such as the one sug-
gested by the Last Planner System (Gao and Low,
2014).

As reported in the previous section, the construction
site is a dynamic environment where workspaces’ ge-
ometry and location change over time. In this con-
text, many work-related spatial information (e.g., the
best route connecting consecutive workspaces) de-
pends on contextual information (e.g., detailed site
layout), available with short advance. As more de-

tailed information can be accessed, the overall works
schedule must be constantly refined, resolving likely
spatial conflicts that may happen in the short-term.
The general logic behind this approach fits with the
Last Planner System (LPS). LPS is one of the best
known Lean techniques which has been demonstrated
to be a very useful tool for the management of the
construction process and continuous monitoring of
the planning efficiency (AlSehaimi, Tzortopoulos and
Koskela, 2009). LPS-based project planning is di-
vided into two different stages: the long-term plan-
ning stage and the short-term planning stage (Ballard
and Tommelein, 2016). In the first category, the Mas-
ter Schedule and the Phase Schedule are adjusted as
needed to specify what should be done. In the second
category, the Lookahead Plan, used to decompose ac-
tivities from phase level to operations level, defines
what can be done; the Commitment Plan (or Weekly
Work Plan) specifies the individual work steps that
will be done. Finally, the phase of Learning, describ-
ing the completed works (i.e., did), is considered as a
tool for future planning optimization by tracking the
performance of the short-term planning process (Bal-
lard and Tommelein, 2016). An application example,
which combines the Last Planner methodology with
space scheduling, is the WorkMovePlan system, pro-
posed in (Choo and Tommelein, 2000). WorkMove-
Plan supports the user step by step to plan work for
the week ahead, assigning not only labor and equip-
ment but also space to accommodate the execution of
a work package on site.

System architecture

The simulation environment, required to predict any
spatial conflicts, shall be integrated in a wider frame-
work, that may be realized implementing the multi-
layer system architecture shown in Figure 1, where
five layers continuously collect and process informa-
tion of the work that is being performed at the
Physical Layer. The latter represents the total-
ity of real entities involved in the construction pro-
cess which, dynamically interacting, determine the
achievement of the project’s objectives. The daily ac-
tivities are observed by several sources of data which
define the Data Sources Layer. Here, both techni-
cal (more product-related) as well as social (more
process-related) information are extracted. The con-
cerned layer includes the data standardization tasks,
where the extracted information is represented using
open or de-facto standards, enabling future integra-
tions and exchanges. In the Engineering Backbone
Layer these standardized data are collected within
repositories which store their evolution over time, i.e.
a data history. In order to assist site managers and
supervisors along the entire construction process, the
Knowledge Extraction unit processes the data of the
previous layer according to domain-specific ontolo-
gies (Abanda, Tah and Keivani, 2013); this task takes

on a central role to assure that digital twins convey
the most updated and coherent picture of the evolv-
ing construction site. The Digital Twin Viewpoints
Layer contains different semantic dimensions which
enable the digital twin to mimic relevant viewpoints
of the construction process. Examples of these seman-
tic clusters, applied in construction management, are
Geometric Model, Crew Location, Site Layout, Job-
site Schedule, Work Progress and Temporary Works.
Finally, at the Application Layer, the system archi-
tecture provides a set of interfaces through which
site managers and supervisors receive a coherent view
of the digital twins; every change the user applies
through such interfaces is reflected on the Digital
Twin Viewpoints below. At the Application Layer,
we find tools and interfaces that support the super-
visor along the activities included within the Project
Execution Management unit. Examples of such inter-
faces, related to the construction management pro-
cess, are the Work Progress and Deviations Control
and the Spatial Conflict Prediction.

This paper focuses on the implementation of the
Spatial Conflict Prediction unit of the Application
Layer; an exhaustive description is provided in the
following subsections.

Technology framework for the prediction of spatial

conflicts

In this section, we claim that the integration of a
game engine within the overall system architecture,
described above, enables the detection of emergent
spatial interferences by means of look-ahead simula-
tions. This tool can help supervisors and engineers
in charge of regular (e.g. daily or weekly) monitor-
ing of construction site’s activities to detect any is-
sues. Serious gaming technology may have two main
purposes: the first one is to predict possible spa-
tial conflicts in the short time; the second one is to
compute spatial variables affecting the re-allocation
of resources on-site in order to support the decision
process of the site engineer. This approach can be
integrated irrespective of the adoption of automatic
planning systems. Indeed, the action of the super-
visor or site engineer can be either to re-allocate re-
sources herself or to check any suggested work-plan
developed by some decision support tools.

In Figure 2, we assume that the Digital Twin
Viewpoints, introduced by the system architecture
(see Figure 1), include two types of data monitor-
ing systems scattered in the site: building progress
monitoring and site monitoring. The first one makes
it possible to update the progress of building con-
struction (e.g., the progress of construction and in-
stallation of building components is mirrored in the
building’s virtual model). The link to the game en-
gine could be provided by an IFC Loader, whose
implementation is described in the following section,
which progressively updates and automatically loads
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Figure 1: Overall system architecture.

Figure 2: Technology framework for the implementation of the Spatial Conflict Prediction unit in the Application Layer.

the IFC data model within the game engine. As a
result, a virtual model is created within the gaming
environment. The site monitoring system, instead,
enables the virtual model to replicate the layout and
dynamics of a construction site (e.g., virtual equip-
ment and human avatars can mimic the behaviour of
physical assets); this can be implemented by means
of the software library SignalR and a SignalR server,
which define an asynchronous messaging system able
to send real-time data to the running game engine
(Microsoft Corporation, 2021). At this point, having
combined the latest IFC model with synchronised site
data, a look-ahead simulation of the activities sched-
uled in the short term must be run in order to find out
possible spatial interferences resulting from emergent
behaviors. In case any conflicts is detected, the su-

pervisor/site engineer is asked to resolve spatial con-
gestions and conflicts and to update the work-plan
accordingly.

In the following section of this paper, we show
the potentials of a serious game engine based on
Unity3DTM and applied to a demonstrator relative
to the retrofitting of residential buildings.

Implementation of the serious gaming environment

Serious game engines are promising tools to inte-
grate semantically rich models, that can be provided
in the form of BIM, and simulation engines. The
first application of gaming technology to the area of
research can be found in the aircraft industry, with
the use of Microsoft Flight Simulator for educational
purposes (Moroney and Moroney, 1991). Later, se-
rious game engines became widespread for other re-
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the IFC data model within the game engine. As a
result, a virtual model is created within the gaming
environment. The site monitoring system, instead,
enables the virtual model to replicate the layout and
dynamics of a construction site (e.g., virtual equip-
ment and human avatars can mimic the behaviour of
physical assets); this can be implemented by means
of the software library SignalR and a SignalR server,
which define an asynchronous messaging system able
to send real-time data to the running game engine
(Microsoft Corporation, 2021). At this point, having
combined the latest IFC model with synchronised site
data, a look-ahead simulation of the activities sched-
uled in the short term must be run in order to find out
possible spatial interferences resulting from emergent
behaviors. In case any conflicts is detected, the su-

pervisor/site engineer is asked to resolve spatial con-
gestions and conflicts and to update the work-plan
accordingly.

In the following section of this paper, we show
the potentials of a serious game engine based on
Unity3DTM and applied to a demonstrator relative
to the retrofitting of residential buildings.

Serious game engines are promising tools to inte-
grate semantically rich models, that can be provided
in the form of BIM, and simulation engines. The
first application of gaming technology to the area of
research can be found in the aircraft industry, with
the use of Microsoft Flight Simulator for educational
purposes (Moroney and Moroney, 1991). Later, se-
rious game engines became widespread for other re-

Figure 3: Virtual model of the case study obtained loading the IFC file in the Unity3DTM gaming environment.

search purposes such as simulation and analysis, fur-
ther demonstrating that mere entertainment is not
the only feasible, nor the most promising, application.
The great success of this approach is due to the dif-
ficulty in carrying out real field experiments in some
research areas, such as construction management,
which usually requires quite huge budget and time ef-
forts to set up an experimental pilot. The use of game
engines facilitates the deployment of virtual test-beds
and the execution of relative tests. Examples of seri-
ous game engine applications for 4D-simulation pur-
poses are provided by Hosny, Nik-Bakht and Moselhi
(2020) and Kassem, Dawood and Chavada (2015).

In this research study, the game technology was
applied in order to develop a virtual model which re-
flects the as-is status of the construction described
by an IFC file. For the purpose of this paper, the
gaming platform Unity3DTM was adopted. The pos-
sibility of importing the physical status of the build-
ing progress, as updated by periodic data collection,
into Unity3DTM from an IFC model with its struc-
ture was showcased. To that end, an IFC Loader,
based on the IFC Engine DLL library (RDF Ltd.,
2006) was developed, in order to import topological
information, properties of materials and all semantic
information from the BIM model. This tool mod-
els the environment using one of the most powerful
techniques in solid modelling, that is boundary rep-
resentation (B-REP). B-REP represents a solid as a
collection of connected surface elements, which are
the boundary between solid and non-solid. Rely-
ing on this virtual model, walkable surfaces within
the construction site can be automatically detected
in Unity3DTM exploiting one of its native functions,

called NavMesh Baking (Unity Technologies, 2020a).
This is the process of creating a NavMesh from the
level geometry. Once Render Meshes and Terrains
of all game objects are collected, they are processed
to create a navigation mesh that approximates the
walkable surfaces of the level. Implementing graph
traversal and path search algorithms, such as A*, it is
possible to compute the best path between two given
points in Unity3DTM. A* search algorithm is formu-
lated in terms of weighted graphs: starting from a
specific starting node of a graph, it aims to find a
path to the given goal node having the smallest cost
(least distance travelled, shortest time, etc.) (Nils-
son, 1980). In this application A* search algorithm
was implemented using the A* Pathfinding Project
Pro tool (Granberg, 2020). It is one of the most pop-
ular dedicated pathfinding Unity3DTM asset, which
includes also an advanced function for NavMesh gen-
eration, called Recast Graph. This technology stack
has been tested in (Naticchia, Messi and Carbonari,
2019) to develop a BIM-based holonic management
system for real-time support during fire emergencies.
Gaming environments, such as Unity3DTM, integrate
physics engines which, ensuring that the objects cor-
rectly accelerate and respond to collisions, gravity
and various other forces, make simulations closer to
reality (Unity Technologies, 2020b). In addition, se-
rious game engines enable the implementation of hu-
man and artificial sensors, known as agents, using
pre-installed components or defining customized C#
scripts. The sense of sight, for example, can be imple-
mented to give humans’ avatars the awareness about
what is happening around them. This can be done in
Unity3DTM by modelling the field of view (FOV) as
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a collider; a user can see an entity simply if her/his
FOV collider intercepts the entity itself. This feature
has been tested by Messi, Naticchia, Carbonari, Ri-
dolfi and Di Giuda (2020) in order to develop a twin
model mock-up which implements Bayesian networks
to compute collision probability during drilling op-
erations. Finally, in (Messi, Corneli, Vaccarini and
Carbonari, 2020) the authors developed C# scripts
in Unity3DTM to define avatars’ behaviours, such as
random wandering, and sensors for impacts checking
to the aim of anticipating fall hazards within the con-
struction site. Thus, the Unity3DTM model is com-
plete and can be run to compute expected dynamics
of the site and to detect spatial interferences before
they occur. In this way, mitigation actions can be
applied in advance and any productivity loss due to
spatial congestions and conflicts can be avoided. A
case study application is described in the next sec-
tion.

SIMULATIONS AND RESULTS

The technology framework, described in the previ-
ous section, has been tested in the a case concern-
ing the cost-effective retrofit of a two-story residen-
tial building. The virtual model of the case study
has been recreated in the Unity3DTM loading the
IFC file by means of the IFC loader described in
the previous section (see Figure 3). In order to spa-
tially simulate the above mentioned renovation ac-
tivities in the gaming environment, the scaffoldings
and the depot have been modelled in Unity3DTM us-
ing an integrated package, namely ProBuilder, which
enables the modelling of custom geometries (Unity
Technologies, 2021). In addition, a C# script has
been defined in Unity3DTM to automatically instan-
tiate workspace volumes, derived from the bounding
boxes of the game objects affected by construction
works.

In this paper we have focused on the following
four renovation macro-activities: the replacement of
windows, on the west and east facades, and the instal-
lation of thermal coating, on the external side of the
north and south walls. It must be noted that the re-
placement of windows and the installation of thermal
coating, since requiring different skills, are usually
executed by different crews; for this reason, a tradi-
tional activity-based planning may schedule them to
be executed simultaneously without considering any
constraint related to the space resource.

In the rest of this section, two different schedule
scenarios are presented and discussed. It has been
assumed in both of them that the A* Pathfinding
Project Pro tool can search for paths to reach the top
of the walls only on the scaffoldings. Figure 4 shows
the results of the look-ahead spatial simulation in the
first scenario, where the crew allocated to the ther-
mal coating installation task will move from the south
facade to the north facade and the windows replace-

ment task has not started, yet. The yellow volume
represents the workspace required by the crew allo-
cated to the thermal coating installation task. The
Recast Graph function of the A* Pathfinding Project
Pro tool has been applied to scan the virtual con-
struction site in order to detect all surfaces allowed
for crew’s access. The net of accessible areas are high-
lighted in blue in Figure 4. The same figure demon-
strates that a worker avatar, represented by the cap-
sule, can access the whole area required for the in-
stallation of the thermal coating on the north facade,
walking through the west facade. In fact, the blue
surfaces cover all the scaffolding levels on the west
facade. In addition, the A* Pathfinding Project Pro
tool can compute the shortest path to reach the top
of the north wall (see green line in Figure 4). Figure
5 shows the results of the look-ahead spatial simula-
tion in the second scenario. In this case, we assume
that the windows replacement on the west and east
facades has been anticipated and, hence, scheduled
simultaneously to the thermal coating installation on
the north facade. Besides the workspaces required for
the thermal coating installation (see the yellow vol-
umes in Figure 5), also the ones for the replacement of
windows must be instantiated in Unity3DTM (see the
red volumes in Figure 5). In this second scenario, a
spatial conflict occurs in the point in which the green
line encounters one of the red volumes (see Figure
5). As a consequence, the A* Pathfinding Project
Pro tool cannot compute any path to reach the north
facade walking on the scaffoldings’ surface. In fact,
the net of accessible areas (see blue surfaces in Fig-
ure 5) is interrupted where the red volumes have been
instantiated. This means that the crew allocated to
the thermal coating installation cannot continue his
job unless the works schedule or the site layout have
been updated in order to avoid the detected spatial
conflict.

CONCLUSIONS

Traditional activity-based scheduling techniques, not
considering spatial representation, can be enhanced
in terms of managing site workspaces. In order to
reach high efficiency in the execution of construction
works, both planning and construction management
methods must be able to cope with the complexity
inherent in the construction domain and the limited
availability of space resource. To this aim, the cur-
rent research proposes a concept of framework that
can integrate real-time monitoring systems, predic-
tive simulation tools based on gaming environment
and human intelligence to resolve conflicts that can
affect the overall site.

Technically, a serious gaming simulator, which
generates a virtual model of the construction site
from the IFC model and detects workspace inter-
ferences, has been developed using Unity3DTM. It
has been tested on a demonstrator concerning a typ-
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a collider; a user can see an entity simply if her/his
FOV collider intercepts the entity itself. This feature
has been tested by Messi, Naticchia, Carbonari, Ri-
dolfi and Di Giuda (2020) in order to develop a twin
model mock-up which implements Bayesian networks
to compute collision probability during drilling op-
erations. Finally, in (Messi, Corneli, Vaccarini and
Carbonari, 2020) the authors developed C# scripts
in Unity3DTM to define avatars’ behaviours, such as
random wandering, and sensors for impacts checking
to the aim of anticipating fall hazards within the con-
struction site. Thus, the Unity3DTM model is com-
plete and can be run to compute expected dynamics
of the site and to detect spatial interferences before
they occur. In this way, mitigation actions can be
applied in advance and any productivity loss due to
spatial congestions and conflicts can be avoided. A
case study application is described in the next sec-
tion.

The technology framework, described in the previ-
ous section, has been tested in the a case concern-
ing the cost-effective retrofit of a two-story residen-
tial building. The virtual model of the case study
has been recreated in the Unity3DTM loading the
IFC file by means of the IFC loader described in
the previous section (see Figure 3). In order to spa-
tially simulate the above mentioned renovation ac-
tivities in the gaming environment, the scaffoldings
and the depot have been modelled in Unity3DTM us-
ing an integrated package, namely ProBuilder, which
enables the modelling of custom geometries (Unity
Technologies, 2021). In addition, a C# script has
been defined in Unity3DTM to automatically instan-
tiate workspace volumes, derived from the bounding
boxes of the game objects affected by construction
works.

In this paper we have focused on the following
four renovation macro-activities: the replacement of
windows, on the west and east facades, and the instal-
lation of thermal coating, on the external side of the
north and south walls. It must be noted that the re-
placement of windows and the installation of thermal
coating, since requiring different skills, are usually
executed by different crews; for this reason, a tradi-
tional activity-based planning may schedule them to
be executed simultaneously without considering any
constraint related to the space resource.

In the rest of this section, two different schedule
scenarios are presented and discussed. It has been
assumed in both of them that the A* Pathfinding
Project Pro tool can search for paths to reach the top
of the walls only on the scaffoldings. Figure 4 shows
the results of the look-ahead spatial simulation in the
first scenario, where the crew allocated to the ther-
mal coating installation task will move from the south
facade to the north facade and the windows replace-

ment task has not started, yet. The yellow volume
represents the workspace required by the crew allo-
cated to the thermal coating installation task. The
Recast Graph function of the A* Pathfinding Project
Pro tool has been applied to scan the virtual con-
struction site in order to detect all surfaces allowed
for crew’s access. The net of accessible areas are high-
lighted in blue in Figure 4. The same figure demon-
strates that a worker avatar, represented by the cap-
sule, can access the whole area required for the in-
stallation of the thermal coating on the north facade,
walking through the west facade. In fact, the blue
surfaces cover all the scaffolding levels on the west
facade. In addition, the A* Pathfinding Project Pro
tool can compute the shortest path to reach the top
of the north wall (see green line in Figure 4). Figure
5 shows the results of the look-ahead spatial simula-
tion in the second scenario. In this case, we assume
that the windows replacement on the west and east
facades has been anticipated and, hence, scheduled
simultaneously to the thermal coating installation on
the north facade. Besides the workspaces required for
the thermal coating installation (see the yellow vol-
umes in Figure 5), also the ones for the replacement of
windows must be instantiated in Unity3DTM (see the
red volumes in Figure 5). In this second scenario, a
spatial conflict occurs in the point in which the green
line encounters one of the red volumes (see Figure
5). As a consequence, the A* Pathfinding Project
Pro tool cannot compute any path to reach the north
facade walking on the scaffoldings’ surface. In fact,
the net of accessible areas (see blue surfaces in Fig-
ure 5) is interrupted where the red volumes have been
instantiated. This means that the crew allocated to
the thermal coating installation cannot continue his
job unless the works schedule or the site layout have
been updated in order to avoid the detected spatial
conflict.

Traditional activity-based scheduling techniques, not
considering spatial representation, can be enhanced
in terms of managing site workspaces. In order to
reach high efficiency in the execution of construction
works, both planning and construction management
methods must be able to cope with the complexity
inherent in the construction domain and the limited
availability of space resource. To this aim, the cur-
rent research proposes a concept of framework that
can integrate real-time monitoring systems, predic-
tive simulation tools based on gaming environment
and human intelligence to resolve conflicts that can
affect the overall site.

Technically, a serious gaming simulator, which
generates a virtual model of the construction site
from the IFC model and detects workspace inter-
ferences, has been developed using Unity3DTM. It
has been tested on a demonstrator concerning a typ-

Figure 4: The look-ahead simulation, executed within the gaming environment Unity3DTM, does not detect any spatial conflict if tasks
are scheduled in sequence.

Figure 5: The look-ahead simulation, executed within the gaming environment Unity3DTM, detects a spatial conflict due spatial
interference between different tasks.

ical residential building retrofit case. Two scenarios
have been tested in this paper; the aim is to demon-
strate that the virtual model is able to integrate an
IFC model about work progress, simulate the path
of resources by identifying walkable surfaces and as-
sess collisions between workspaces hampering the ex-
pected allocation of crews during works execution in
order to anticipate unexpected events. Future re-
search developments should address the integration
of real-time data collection about the site layout and
the enrichment of the virtual model with additional
behaviours.
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ABSTRACT 

State of the art research in ensuring transport 
infrastructure resilience focuses on adopting a network 
perspective. However, there is no comprehensive, 
widespread method for evaluating connectivity and 
proposing alternative routes to improve it. Presented 
herein is a framework that: assesses road network 
connectivity, using a “closeness” measure and focusing 
on routes passing by the vulnerable asset of bridges; and 
proposes the development of optimal alternative routes, 
using a genetic algorithm. The results showed a 
significant improvement of network connectivity and the 
potential of the method to serve as the basis for updated 
transport infrastructure planning practices. 

INTRODUCTION 

Transport networks are a vital requirement of any 
country’s economic progress, which is associated with the 
accessible resources to the public and the effectiveness of 
their usage (Ivanova & Masarova, 2013). Transport 
networks serve human mobility and productivity 
contributing to public prosperity (Chan et al., 2010). 
Transport infrastructure assets constantly deteriorate over 
their lifetime. Their deterioration can be accelerated by 
heavy traffic or inadequate maintenance and eventually 
lead to failure. The failure may not be gradual but instant 
in case of extreme events appearance that can be classified 
into natural hazards (e.g. landslides droughts, wildfires, 
windstorms, floods) and man-made events (e.g. 
negligence, terrorism, accidents). Compared to their 
design estimations, most assets are exposed to more 
frequent and intense events due to climate change, while 
caring more traffic due to population growth (Yang & 
Frangopol, 2019). A transport infrastructure asset 
disruption can lead to catastrophic consequences not only 
on existing users, whose safety is threatened, but also on 
the society at large (Li et al., 2020). Specifically, an asset 
disruption affects network traffic flow and it can cause the 
isolation of an area from the main network. This can 
sequentially lead to the loss of access to critical services 
(e.g. hospitals, fire stations).  

Resilience is defined as the capability of a network to 
prepare for, absorb, recover from, and adjust to 
disturbances (Linkov et al., 2014). Transport resilience is 

the capability of the transport network to maintain its 
operational level of service or to re-establish itself to that 
service level in a specified timeframe, as defined by 
Freckleton et al. (2012). Another definition, set by Pant 
(2012), described transport resilience as the ability of the 
network to minimise operational loss. Reggiani et al., 
(2015) highlighted the positive correlation between 
transport network resilience and connectivity. Achieving 
transport network resilience and effective connectivity 
require management of existing infrastructure and 
planning for development of new infrastructure, if 
needed. Management of existing infrastructure includes 
asset monitoring, condition prediction and maintenance 
prioratisation. In practice, management and planning of 
transport infrastructure assets is conducted in different 
ways by decision-makers, who follow their organisations’ 
guidelines and attempt to effectively use their available 
budget (Hadjidemetriou et al., 2020a). Assets are assessed 
either manually by inspectors or automatically with the 
aid of sensors and novel monitoring technologies, which 
can be based on computer vision and artificial intelligence 
(Christodoulou et al., 2018; Hadjidemetriou et al., 2015; 
Zhu et al., 2020). Asset monitoring along their lifetime 
facilitates the development of predictive models, which in 
turn assist the development of maintenance prioritisation 
strategies (Dhada et al., 2020). In case a transpor network 
cannot serve traffic demand or in case of resilience 
improvement, new infrastructure is developed based on 
socio-economic and in some cases political criteria.  

Despite the clear purpose of each described step, 
current practices in infrastructure management and 
planning are characterised by major limitations and 
challenges. An asset failure affect its network since traffic 
needs to be served by alternative routes (Nakil et al., 
2015). However, maintenance prioritisation and 
infrastructure planning is not always conducted from a 
network perspective. Another limitation is the lack of a 
standardised strategy for evaluating the criticality of each 
asset within the network. Assets criticality varies 
significantly due to different amounts of traffic served and 
impact of failure.  

The current paper focuses on the asset of bridges in 
road networks due to their importance and high 
vulnereability and consecuently their association with 
network resilience. Bridges are mainly located at 
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intersections of roads, with their fialure significantly 
affect their network. In some cases bridges connect 
isolated areas with the rest of the network. Only in the 
U.S., there are over 600,000 bridges, from which 40% are 
over 50 years old and 9.1% are structurally deficient 
(ASCE, 2017). The sections that follow describe: the state 
of knowledge in a adopting a network perspective for 
transport infrastructure management and planning; the 
proposed methodology; the conducted case study; and 
finally the extracted conclusions. 

BACKGROUND 

Overcoming the challenge of managing bridges as parts 
of a transport network has attracted the interest of 
researchers. For instance, Orcesi & Cremona (2010) 
developed a maintenance prioratisation method based on 
the location of bridges within a network, visual condition 
evaluations  and stakeholders’ interests. In addition, 

Bocchini & Frangopol (2011) assessed the life-cycle 
performance of bridge networks based on the time-variant 
nature of bridge reliability due to elements degradation 
and complex network layouts. Another research work 
worth mentioning formulated a Markov chain model that 
examines the life-cycle of groups of bridges groups, 
considering deterioration, maintenance actions and 
failures (Bocchini et al., 2013). Hu et al. (2015) also 
considered bridges as part of a transport network to design 
their maintenance plan that aimed to minimise travel 
distance caused by bridge failures. Another related work 
designed a model for predictive group maintenance for 
multi-system multi-component networks, enabling 
various representations of dependences at the network and 
system levels (Liang & Parlikad, 2020). This model was 
applied to a network of bridges, constituted by multiple 
heterogeneous components, showing potential for a 
considerable reduction in maintenance costs 
(Hadjidemetriou et al., 2021; Hadjidemetriou et al., 
2020b). Yang & Frangopol (2020) estimated bridge 
failure probability for various scenarios and the traffic 
flow in the damaged network for each scenario. Another 
recent study, considering bridges as parts of a network, 
developed a risk-based model for   optimal adaptation 
management, in case of scour and climate change (Liu et 
al., 2020). Finally, Akiyama et al. (2020) identified 
problems and proposed solutions in the areas of  life-cycle 
risk analysis, resilience, design and management of both 
independent bridges and bridge networks. 

Besides maintenance, transportation authorities are 
also responsible for planning new infrastructure for 
improving their transport networks. Traditional examples 
of infrastructure planning methods include “scenario 

planning” and “cost-benefit analysis” (Malekpour et al., 
2015). State of the art research proposes adaptation and 
flexibility to respond to uncertainties, such as climate 
change, population growth and technology development. 
In this context, Sánchez-Silva (2019) firstly identified 
issues in existing processes of infrastructure design and 
management and secondly proposed a framework based 

on the ability of a network to change over time. 
Furthermore, Sadatsafavi et al. (2019) presented a 
scenario planning approach to recognise driving forces 
that influence transport infrastructure networks and 
explained how policy-makers can use these scenarios for 
assessing their plans and enhance network resilience.   

Adopting a network perspective in transport 
infrastructure management and planning implies an 
understanding of the different levels of criticality of nodes 
and links, composing the network. Bush et al. (2013) 
evaluated bridge criticality, assigning each bridge to one 
out of three possible levels. For every level, their 
framework provides assistance on the type of data needed, 
the required accuracy in data acquisition, the frequency of 
evaluation and the appropriate evaluation practices. 
Gauthier et al. (2018) used resilience stress testing and a 
dynamic mesoscopic simulator to rank road network links 
according to traffic and day-to-day disruptions. Moreover, 
García-Palomares et al. (2018) classified road sections of 
the Spanish high-capacity road network into five levels of 
criticality, using existing accessibility indicators. Lastly, 
Oh et al. (2013) evaluated the criticality of infrastructure 
systems based on their zone of influence, activity analysis 
and socioeconomic impact.   

Summarising, state of the art research in transport 
infrastructure management and planning highlights the 
importance of examining assets as elements of networks 
and of considering asset criticality within the network, 
when taking decisions. However, there is no 
comprehensive widespread method for assessing road 
network connectivity, considering the criticality of 
bridges, and proposing alternative routes to improve it. 
Given this, the current paper aims to develop a method 
that evaluates network connectivity and proposes the 
optimal development of new road sections to improve it.     

METHODOLOGY 

The methodology is divided into three main phases, 
termed spatial network extension, network connectivity 
evaluation, and optimal road sections selection.   

Spatial Network Extension 

The existing road network is analysed here as a complex 
network, with links corresponding to roads and nodes 
demonstrating bridges and municipalities. The existing 
road network is extended by adding all plausible new road 
sections (represented by dummy links). The addition of 
dummy links should meet the requirement of preserving 
the planarity condition. Thus, the dummy links do not 
cross with the existing links. Once the extended network 
is designed, network connectivity can be evaluated (in the 
following step) considering the existing network or a 
novel network, consisting of the existing road links and a 
set of dummy links (that represent the proposed new road 
sections).    
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Network Connectivity Evaluation: ABA-closeness 

The network connectivity is evaluated by a variation of 
closeness centrality measure, termed ABA-closeness. 
Closeness centrality can approximate the distance be-
tween a node and the rest nodes of a network, and there-
fore the level of isolation of the examined node 
(Barthélemy, 2011; Crucitti et al., 2006).  ABA-closeness 
is based on calculating path distances, beginning from 
nodes belonging to a specific group of nodes, A (i.e. mu-
nicipalities), passing by a second specified group, B (i.e. 
bridges), and finishing at a node that belongs to the initial 
group, A (i.e. municipalities). As already explained, 
bridges were selected as the asset of interest for this case 
study due to their high vulnerability within a transport net-
work. Similarly, the criticality of other assets (represented 
by nodes or links) can be evaluated, along with the way 
they affect network connectivity.   

In the current case study, assuming a graph represen-
tation of a road network, G = (V, E), where: E is a set of 
links (i.e. roads); V is a set of nodes (i.e. municipalities, 
VM, and  bridges, VB); and A is the adjacency matrix with 
elements aij = 1, in case of nodes i and j being connected, 
and aij = 0 otherwise. The “closeness” of a node is defined 

as the inverse of the average distance from all other nodes 
of the network. The lower the distance of a node to the 
rest nodes, the higher the node closeness value. The close-
ness herein is calculated by considering the geographical 
distance between municipalities in kilometres. This dis-
tance between the municipality-nodes i and j is noted by 
d(i,j), expressing the shortest-path between the two nodes. 
Equation (1) offers a general expression of closeness of 
node j, C(j),  serving as a foundation for further adaptation 
required to approach ABA-closeness. ABA-closeness is 
defined through a classification of the nodes in V such that 
V=B∪M, where M is the set of municipality-nodes and B 
is the set of bridge-nodes. 𝐶𝐶(𝑗𝑗) = (𝑛𝑛 − 1)/∑ 𝑑𝑑(𝑖𝑖, 𝑗𝑗)𝑖𝑖∈𝑉𝑉∖𝑖𝑖                    (1) 

where n is the number of nodes in the graph G; that is, the 
size of the set of nodes V. 

Optimal road sections selection 

After designing the spatial network extension and 
defining the way network connectivity is evaluated, the 
proposed method attempts to find the optimal 
combination of new potential links. A genetic algorithm 
(GA), as proposed by Holland (1992), is modified and 
applied to solve the optimisation problem of minimising 
ABA-closeness in the network extension, after adding a 
limited number of road-links. A GA procedure begins 
with settling a set of solutions, named population. Each 
individual in a population is characterised by a set of 
parameter values that completely describe a solution. GAs 
are selected to solve the presented problem because they 
can solve problems with large solutions-space and they 
use a binary alphabet (i.e., 0 and 1) to form chromosomes. 
In our case, existing and new potential road sections are 
represented by 1 and 0 respectively.  

The main steps of the GA are summarised in Figure 1. 
The initial population of solutions is randomly selected. 

This population will evolve over a number of generations 
until reaching an optimal (or close to optimal) solution. A 
maximum number of generations can be used as a stop 
criterion for the GA. Each generation evolves towards the 
optimisation of a fitness function computed globally and 
for which every individual of the population has an input. 
Based on their fitness values, individuals are selected 
from the population and recombined, producing offspring 
that comprises the next generation. This is the 
recombination operation, which is generally referred to as 
crossover because of the way that genetic material crosses 
over from one chromosome to another. The expected 
results from this methodology is a set of new roads to be 
developed so that the ABA-closeness measure is 
minimised, and hence improving the network resilience. 
The new roads are chosen among the exhaustive set of all 
new potential roads (i.e. dummy roads), designed at the 
first stage of the methodology. This selection is the result 
of the combination of up to k new built roads. Such a 
number k is chosen based on budget and/or physical or 
environmental constraints. 

 

 
Figure 1: Main steps of the GA 

 

CASE STUDY 

The proposed method for network connectivity evaluation 
and new road sections development proposal to improve 
connectivity and consequently resilience was applied to a 
real road network that includes 21 bridges. The selected 
network belongs to a wider transport network, and thus 
the results will be different if more road sections and 
bridges are considered. Therefore, the case study serves 
as an example on how the proposed methodology can be 
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applied to road networks. The data was processed in Py-
thon programming language and environment, using Net-
workX library and a tailored version of a GA specifically 
developed for this problem. The specifications of the PC 
used were as follows: Intel Xeon CPU E5-2680 v4, 
2.40GHz, and 64 GB RAM. The processing time of the 
presented case study was 2 minutes. The data has been 
provided by “Infraestruturas de Portugal” that is a state-
owned company, managing the Portuguese roadway and 
railway infrastructure.  

Figure 2 shows the spatial location of the  bridges and 
municipalities of the area, along with the road sections 
connecting them. The spatial information provided by 
Figure 2 is the base for the formation of a complex net-
work (Figure 3) that is used for the network connectivity 
evaluation. Figure 3 preserves the geographic coordinates 
of the nodes (i.e. bridges and municipalities), along with 
the links (i.e. roads) length. The nodes illustrating munic-
ipalities in Figure 3 are weighted to be visually propor-
tional to their population size. The same nodes are also 
labelled with the municipality names.  

 

 
Figure 2: Location of bridges and municipalities 

 

 

Figure 3: Formation of complex network, including existing 

and dummy road sections. 
 

All dummy road sections, illustrated with grey colour 
in Figure 3, provide alternatives that can improve connec-
tivity. However, decision-makers normally have budget 

constraints, and thus they can develop only a limited num-
ber of new road sections, if needed. The algorithm user 
can select the maximum number of new sections. We run 
the code twice, for a maximum number of newly devel-
oped sections of 5 and 3. The optimisation process max-
imises network connectivity by minimising ABA-
closeness, as explained in the Methodology section, due 
to the addition of the novel sections, whose status changes 
from 0 to 1.     

The procedure for tuning the GA parameters was 
based on an exhaustive search of their optimal combina-
tion. This was feasible by a reduction of the solution space 
to a limited number of plausible choices for each parame-
ter. The examined values for the maximum number of 
generations were equal to 100, 200 and 500 or until con-
vergence (that appears when a solution does not improve 
after a sequence of consecutive iterations). The examined 
values for: the GA population size were equal to 30, 50 
and 80; for the crossover percentage were equal to 0.6, 0.7 
and 0.8; and for the mutation rate were equal to 0.01, 0.02 
and 0.05. Based on these options, the GA was computed 
with n=100 generations for a population encompassing 50 
individuals. Each individual is a sequence of binary chro-
mosomes and has a length equal to the number of dummy 
links. The crossover percentage was set to 0.8, and the 
mutation rate was set to 0.02. The objective/fitness func-
tion to be optimised (i.e. minimised) is the ABA-closeness 
that considering the distance between municipalities in 
the road network.There are up to 10,424,128 ways to se-
lect k = 5 new roads out of the 68 dummy, candidate 
roads. The results showed that the optimal road sections 
addition to the current layout (Figure 4) are those connect-
ing: Avelar and Aguda; Aguda and B.076; Figueiro dos 
Vinhos and B.074; Campelo and B.076; and Espinhal and 
B.078. 

 

Figure 4: Optimal selection of 5 new road sections to improve 

network connectivity  
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ABA-closeness value of the existing network was 
0.57, being decreased to a value of 0.31 thanks to the ad-
dition of the 5 new road sections. The proposed new links 
indicate the need for adding alternative routes in the 
southwest area of the network to enhance connectivity and 
consequently resilience. As it can be observed in Figure 
4, two of the proposed road sections are crossed. Road in-
tersections can include a roundabout, a beridge or traffic 
lights, significantly increasing the cost for improving net-
work connectivity.  Thus, the algorithm was run for a sec-
ond time with a maximum number of proposed roads of 3 
to investigate how the connectivity can be improved with 
a lower-cost solution. This solution reduces ABA close-
ness measure from 0.57 to 0.35, without causing crossing 
between sections. The optimal road sections addition 
(Figure 5) are those connecting: Avelar and Aguda; 
Aguda and B.076; as well as Campelo and B.076. 

 
 

Figure 5: Optimal selection of 3 new road sections to improve 

network connectivity  
 

CONCLUSIONS 

Transport infrastructure assets are exposed to increasingly 
frequent and intense extreme events due to climate change 
and serve more traffic than originally designed due to 
population growth. An asset failure can have catastrophic 
results to the transport network. It is critical for a transport 
network to have alternative routes, connecting 
municipalities, in case of an asset failure. Consequently, 
network connectivity is directly connected with 
resilience. The current paper examines routes connecting 
municipalities, passing by bridges, due to bridge 
importance and vulnerability within a transport network. 
The case study, examining road network connectivity, 
shows that the addition of a limited number of new road 
sections can provide alternative routes that improve 
connectivity. Additionally, it shows that even with a 
limited budget (e.g. proposing the addition of 3 new road 

sections instead of 5 in our case study) the connectivity is 
significantly enhanced.   

The development and use of ABA-closeness measure 
for the evaluation of network connectivity and the 
modification of the GA for proposing the optimal road 
sections to be developed for improving connectivity 
summarise the contribution of the current paper. The 
proposed framework can form the basis for transport 
networks connectivity evaluation, assisting decision-
makers in infrastructure planning. As a result of 
improving connectivity, network resilience will be 
improved and thus road network users will also be 
benefited. The impact of an asset failure to users will be 
reduced due to the decrease in traffic delays and 
associated costs.    

The proposed method has room for improvement and 
work is currently under way to further enrich it. The focus 
of the current paper is on routes connecting 
municipalities, passing by bridges. Future work aims to 
consider more links and nodes of a transport network. In 
addition, traffic served by nodes and links will be taken 
into account for criticality and connectivity evaluation. 
The method will also be adjusted so that the optimal 
proposal of novel roads development in terms of 
connectivity will consider their cost and the available 
budget. Future work also contains vulnerability analysis 
that will be based on the possibilities and impact of 
extreme events on transport networks. Lastly, the authors 
are in cooperation with transport asset owners for 
modifying, expanding, and testing this framework in real-
life transport networks. 
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ABSTRACT 

There is a need to collect, store, and share product data to 

enable circularity in industrialized construction supply 

chains. To do this, the concept of a Material Passport 

(MP) has been proposed, but exactly how MPs should be 

created and managed is less understood, especially in 

consideration of industrialized construction product 

platforms. This paper proposes a knowledge and process 

representation framework called the Material Passport 

Ontology (MPO). The MPO outlines key components of 

MPs and their interrelationships. Finally, the paper 

discusses several implementation challenges and 

possibilities.  

INTRODUCTION 

As construction product complexity increases, it becomes 

more difficult to reuse and recycle materials. Products 

contain many types of materials that are usually joined to 

each other with the intention of permanent attachment 

(Heinrich and Lang 2019). The construction industry is 

one of the most energy and material-intensive industries 

in the world. Current construction methods and processes 

need to be shifted to more resource-conscious strategies 

(Kedir and Hall 2021).  

The emerging economic model of Circular Economy 

(CE) aims to create circular products that maintain their 

highest value for as long as possible. Circular products 

also need to be safe, flexible, and durable (Heinrich and 

Lang 2019). This requires the creation, maintenance, and 

sharing of vast products’ property data. Moreover, it 

requires close collaboration and common understanding 

between stakeholders involved in the value chain (Sauter 

and Witjes 2018; Luscuere 2017; Heesbeen and Prieto 

2020).  

One opportunity for the application of CE is 

industrialized construction (IC). IC companies often 

create product platforms for longitudinal continuity (Hall, 

Whyte, and Lessing 2020). These platforms promote 

long-term relations and an integrated supply chain 

(Lessing 2006). Therefore, they are well suited for the 

creation of circular products and management of circular 

information flows. 

 

 

 IC uses many manufacturing industry concepts, 

including standardization of elements, high-quality 

achievement through a factory-controlled environment, 

and enhanced predictability of time and cost of 

construction activities. These unique characteristics could 

allow IC to increase resource efficiency that leads to 

diminished environmental impacts. However, the 

application of CE in IC today is limited. The 

implementation of circular IC products is still not widely 

spread. One barrier is the lack of structure in capturing 

and sharing information across products' value chain.  

Capturing and analyzing information on IC products, 

their processes, and stakeholders is crucial to understand 

and enhance the synergy between IC and CE. A proposed 

solution for the gap is the generation of so-called 

building/product/material passports (MPs). Although a 

few attempts exist to implement MP for construction 

products, there is still an insufficient understanding of 

MPs.  Furthermore, a MP approach has not yet been 

applied to IC products. It is questionable if existing MP 

approaches provide description of an entire industrialized 

supply chain, including consideration of manufacturing, 

transportation, and assembly. 

When complexities of products and stakeholders 

increase, it is essential to conceptualize and create a 

common vocabulary in which shared knowledge can be 

represented (Gruber, 1993; Sun et al., 2012). The 

construction industry is moving away from a model-

centric approach to a more distributed semantic approach. 

Semantic web technologies and linked data allow for 

efficient integration and accessibility of different domain 

data (Pauwels, Zhang, and Lee 2017). Moreover, a vital 

part of linked data is ontologies that use logic-based 

language – Web Ontology Language (OWL) (Pauwels 

and Terkaj 2016). Ontologies can represent knowledge, 

integrate information, and reason (Sun et al. 2012; Pandit 

and Zhu 2007). Although there have been several ongoing 

developments of ontologies for building products, there 

are few primary intentions of ontologies for CE, MP, and 

IC. To that end, the paper identifies key information 

requirements of MP and proposes a preliminary Material 

Passport Ontology (MPO). 
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DEPARTURE 

Material passport as a tool for a circular economy 

Material passports (MP) are a key tool at the center of the 

conversation of CE. Eichstädt (1982) explains the need to 

record product information such as product's location and 

state of use phase. Eichstädt explains having building 

passports aids in documenting relevant information. 

Turbull (1993) introduced a product control matrix as a 

means to update each stakeholder on product 

development. Other industries, such as the shipping 

industry, have adopted so-called resource passports to 

monitor the use of products, including during the end-of-

life (EOL) phase (Brito, van der Lann, and Irion 2007). 

MPs can act as facilitators for quantitative and qualitative 

documentation of CE-related data of materials, products, 

and buildings (Honic et al. 2019a; Luscuere and Mulhall 

2018). Specific benefits of MP include the ability to: 

• Keep or increase the value of materials, products, 

components over time (L. M. Luscuere 2017). 

• Facilitate reversed logistics and reclaim of 

products, materials, components (BAMB 2017).   

• Link and make relevant data available for impact 

assessments(M. Honic, Kovacic, and Rechberger 

2019). 

The value of MP increases when it is created and updated 

during all of the buildings' lifecycle phases, leading to a 

dynamic tool instead of a static one. However, these 

benefits are not fully harnessed in the current construction 

value chain. One of the main issues is the lack of a 

framework to collect, store, and distribute MPs.  

Nevertheless, several institutions have defined MP and 

identified what constitutes an MP. Three examples are 

described in greater detail below. 

The first example comes from 3XN architects that 

provide guidelines to formulate MP. Figure 1 shows an 

illustration by 3XN architects explaining that MP should 

be collected during all building lifecycle phases. The 

collected data should be merged into one database that 

allows accessibility and identification of products and 

their characteristic (Figure 2) (3XN Architects and GXN 

Innovation 2019). 

 
Figure 1: Material Passport data collection along building 

lifecycles (3XN Architects and GXN Innovation 2019) 

 
Figure 2: Database for Material Passports (3XN Architects 

and GXN Innovation 2019) 

The second example is from the European project 

Buildings as Material Bank (BAMB). BAMB lays out a 

MP-implementation strategy. It describes relevant MP 

data categories such as physical, chemical, and production 

data collected in different composition levels (i.e., system, 

product, component, ingredients). The project also 

discusses the importance of identifying and assigning 

stakeholders in the formulation of MP (BAMB 2017). The 

four-building composition levels of BAMB are:  

• System refers to a product in its complex form. 

This includes a product that constitutes multiple 

components and parts from different 

manufacturers. Examples include a wall system 

that contains a range of other materials and 

mechanical, electrical, and plumbing (MEP) 

systems.  

• Product represents an item that is manufactured 

and sold. A product generally constitutes a 

commercial name, producer ID, or similar 

designation. Examples include walls, floor tiles, 

gypsum wall panels, and wall paint.  

• Components are the parts that make a product. It 

also includes raw materials such as wood, earth, 

clay, stone are at this level. 

• Ingredients (materials) include the chemicals 

that make up a product. 

The third example comes from Madaster. Madaster 

provides a platform to create MP using different building 

layers. Using the building layers originally outlined by 

(Brand 1995) (Figure 3), the Madaster circularity 

indicator calculates 1) the amount of virgin, recycled, 

reused, and renewable materials used in a given building. 

2) compares the lifespan of materials and products used in 

a project with the average lifetimes of similar ones. 3) 

evaluates the intended downstream destination of 

materials and products.  
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Figure 3: Building layers (Brand 1995) 

Industrialized construction and potential for MP  

The opportunities of IC to provide better-performing 

buildings is documented by several scholars (Lessing and 

Brege 2018; Kedir and Hall, 2021). Industrialized 

building companies are known for their product approach, 

which contrasts the existing construction industry's 

project approach. The product platform includes both 

technical and process platforms. Product platforms can 

take different forms, but the most common approaches are 

two-dimensional panelization, three-dimensional 

volumetric modules, and the kit-of-parts approach 

(Lessing and Brege 2018). Compared to conventional 

buildings, volumetric modular buildings offer great 

assembly and disassembly attributes (Rausch et al. 2020). 

The product architecture in IC might help to better 

understand IC products and their relationship with CE.  

Platforms for Industrialized Construction 

The standardized product and process platforms are the 

foundations of IC products and are responsible for 

decreasing conventional construction complexities 

(Viana et al. 2017; Lennartsson and Elgh 2018; Larsson 

et al., 2014). Product modeling experts and domain 

knowledge experts on the product and its lifecycle 

processes develop IC product platforms (Malmgren, 

Jensen, and Olofsson 2011). The technical platform (TP) 

identifies product families and house models to show 

product structures (Lennartsson and Elgh 2018). The TP 

also decomposes building parts, which help with mass 

customization. The research of Lennartsson and Elgh, 

2018 shows an example of a TP of an IC company (Figure 

4).  

 
Figure 4: Building Levels in IC technical platform 

(Lennartsson and Elgh 2018). 

Parallel to the TP, the process platform (PP) is also 

planned in detail. A standardized and controlled process 

platform allows monitoring and gathering of data in all 

life cycle phases (mostly from design to assembly). The 

PP also gives clear instructions to stakeholders 

(Andersson and Lessing 2017).   

RESEARCH APPROACH 

This work applies the concept of knowledge 

representation – and specifically the use of an ontology –
to propose a knowledge representation framework that 

can give stakeholders a common foundation for collecting 

MP information. The methodological approach taken in 

this research consists of three main tasks adapted from the 

NeOn Methodology, which guides the most common 

scenarios during the development of ontologies (Suárez-

Figueroa, Gómez-Pérez, and Fernández-López 2012).  

Determine ontology's domain and scope.  

As discussed above, a comprehensive framework to 

gather MP-related data in IC is not available. For that rea-

son, this research begins with identification of MP data 

requirements from existing literature. From this review, 

four key requirements are identified:  

1)  The MP should describe buildings using functional 

layers.  

2)  MP-relevant properties should be collected on all 

functional layers.  

3)  The MP should assoicate properties and functional 

layers with  building lifecycle phases (LCP).  

4)  The MP should identify the actors that generate and 

consume MP data across the LCP.  

With the four requirements, we use existing literature on 

MP and IC products to:  

Review, Reuse and Merge Ontological Resources 

Building from this literature, we formulate our initial MP-

centered ontology classes and relationships. For our spe-

cific ontology development, we focused on the reuse and 

merging of ontological resources (scenario 5) (Suárez-

Figueroa, Gómez-Pérez, and Fernández-López 2012). In 

other words, our approach attempts to review, reuse, and 

merge existing ontological resources that are in the same 

or similar domains. 

Particular focus is given to several recent works on 

ontology-based research for construction products and 

their links to CE. First, the Building Topology Ontology 

(BOT) is a minimal expression of building components 

and their relationship. The seven classes identified by the 

BOT ontology include site, building, storey, space, 

interface, zone, and element (Figure 5): 

• Site: an area containing one more building.  

• Building: an independent unit of the built 

environment.  

• Storey: distinguishes levels of a building.  

• Space: a limited three-dimensional extent defined 

physically or notionally.  
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• Interface: area where two buildings or two zones 

or a building element and zone meet.  

• Zone: are areas with spatial 3D volumes and 

include buildings, storey, and spaces. 

• Elements: these are parts of modules such as 

walls, doors, and heaters. 

The relationships between classes are described using 

object properties such as bot:hasStorey or 

bot:adjacentZone, and bot:containsElement. BOT is well 

suited for MP requirement 1 and can describe building 

using functional layers, but does not encompass the 

additional requirements for an MP. 

 

 
 

Figure 5: The BOT ontology (Rasmussen et al. 2017) 

Another recent ontology, the building product ontology 

(BPO), describes product structures and properties (MP 

requirements 1 and 2). BPO is not focused on mass-

produced products that have little design variance. 

Building components can be dissected into bpo:Element 

and bpo:Assembly. Manufacturers that are willing to 

dissect their product description can use bpo:Assembly, 

whereas others can use bpo:Element. Furthermore, the 

BPO does not specify classes for materials’ level 

descriptions of products (Wagner and Rüppel 2019).  

Additional ontologies reviewed include the Digital 

Construction Building Material Ontology (DICBM), 

which defines building layers using dicbm:LayerSet and 

associates them with their properties (Valluru et al. 2020) 

(MP requirements 1 and 2). The ontology for property 

management (OPM) offers the possibility to keep track of 

property changes in building elements. Using 

opm:PropertyState, property value and metadata of a 

specific property are described. OPM reuses provenance 

ontology (PROV-O) to describe the property metadata 

with prov:generatedAtTime referring to time of data entry 

and prov:wasAttributedTo referring to the agent(actor) 

(Rasmussen et al. 2018)(MP requirements 2 and 4). 

The research of Sauter et al. (2018) through circular 

exchange ontology (CEO) and circular materials and 

activities ontology (CAMO) show three key components 

for circular data flow in the construction industry. The 

three main classes in CEO/CAMO are 1) agent refereeing 

to actors in the industry. 2) Activity that indicates the 

lifecycle phases in construction, including creation, use, 

and post-use. 3) Referents refer to requirements to execute  

the activity, such as resources and tools (MP requirements 

2, 3, and 4).  However, the research is not very specific to 

construction products' life cycle phases, actors, functional 

levels of a building, and their properties. Building 

circularity assessment ontology (BCAO) is another 

example of MP for CE. BCAO covers product 

descriptions, properties, and actors. The BCAO is mainly 

focused on assessing the circularity of products for early 

design optimization. (Al Naber and Morkunaite 2021).  

Develop the Material Passport Ontology  

Through merging domain-related existing ontologies, we 

propose a new Material Passport Ontology (MPO)  for 

MPs in IC. The MPO is described using class hierarchy 

and their properties prototyped in Protégé. We derived 

specific concepts from the existing BOT, OPM, 

CEO/CAMO, DICBM and BCAO ontologies. The basic 

topological concepts of a building defined in the BOT are 

partially adapted as well as reused in the application for 

this paper. Considering the product breakdown of a MP, 

BOT:Building and BOT:Storey were reused for the high-

level breakdown. MPO:Module, MPO:Component and 

MPO:Product are native functional classes of the 

ontology. Finally, DICBM:Material is mapping 

corresponding material used in a MP as they are a core 

component Furthermore, the assignment of properties to 

products or components applied in OPM is reused during 

application. By the refinement of the CEO/CAMO 

ontology, specific activity classes were defined. They are 

named as lifecycle phases (LCP) and the subclasses are 

also extended and refined to IC LCP. Similarly, the class 

agent/actor is reused and the subclasses were expanded to 

constitute IC-specific actors (Figure 6). From BCAO, 

some circularity assessment classes and object properties 

were adopted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: MPO classes 
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When developing an ontology, the description of 

properties consists of two different concepts. On the one 

hand, object properties are used to create a connection 

between objects of different classes and are used to map 

constraints as well as aggregation of information on the 

objects (Cao and Hall 2020). OPM:hasProperty was 

reused to connect functional and property classes. 

Secondly, data properties are used to set specific values 

for class objects. From OPM, prov:generatedAtTime is 

reused to indicate a timestamp of data entry and 

prov:wasAttributedTo is adapted to mpo:filledby to 

indicate stakeholder responsible for the data entry (Figure 

8). Due to space limitations, the full list of classes, object 

properties, and data properties is not presented. 

RESULTS 

One of the challenges in creating an MP is to make it 

formally consistent and easy to use. This requires a 

detailed description of the product composition 

breakdown and their inherent information to understand 

the stakeholders' processes. To show the usage of the 

MPO, we demonstrate in the following section the 

conceptual use by instantiating class objects and their 

aggregation of information by object and data properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the first step, modules, their associated products, and 

the underlying materials are instantiated and connected by 

the object properties such as mpo:hasProduct and 

dicbm:hasMaterial. All these instances are informed by 

the objectProperty hasProperty (Figure7).  

Conceptually, having opm:hasProperty means that 

individual information is inserted at all functional levels 

such as modules or product. These properties are used in 

this paper as data requirements to create an MP. They 

include physical information, such as weight and porosity 

as well as unique identifies such as GTIN/ EAN numbers 

of products.  

Next, objects from the actors' class are instantiated. As 

different stakeholders involved in a specific product or 

project input or consume MP related data, they should be 

mapped as well. This structure allows stakeholders to 

identify different data inputs from relevant actors. 

Furthermore, the MPO defines and links building 

lifecycle phases. Building lifecycle phases are integrated 

to accommodate for any changes that occur in the 

property sets. As shown in Figure 8, this structure 

distinguishes functional classes' properties in different 

building lifecycle phases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: MPO – Functional levels and object properties 

Figure 8: MPO – Actors, property data, and building lifecycle phases   
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In summary, the MPO shows a structure to create a 

working MP for IC. Figure 9 outlines the different 

elements in the MPO. The framework connects different 

functional classes, actors, data properties, and building 

lifecycle phases. Each functional class identified are 

associated with different data properties. These properties 

are filled-in by different actors. The lifecycle classes 

direct actors to fill in data properties that might be 

different across lifecycle phases. Actors can also give 

temporal data, such as when that data entry was made. The 

data entered in the ontology is designed to accommodate 

different data types.  

 

  

Figure 9: Material Passport Structure 

PRELIMINARY VALIDATION 

The full refinement and validation of the ontology will be 

conducted in future research. However, a preliminary 

validation is done by using the five main characteristics 

an MP should have as listed by (3XN Architects and GXN 

Innovation 2019) (Table 1).  

The current structure of the MPO allows 1) for all 

relevant data to be collected across all lifecycle phases 

and functional classes. It is also accessible to relevant 

actors. As an example, a product manufacturer can 

provide disassembly instructions at a product or module 

level. 2) with the data property classes, actors can also 

include any unique identification elements such as GTIN 

or EAN numbers to trace specific objects. 3) The MPO 

structure is designed in a way that actors can enter 

property data across different building lifecycle phases. 

For example, an assembly instruction can be registered in 

the assembly class, and a maintenance guideline can be 

entered in the disassembly class. The MPO also allows for 

upkeep of data. 4) the MPO property class can be 

expanded to include any relevant data such as safety. 5) 

using the actor class, the MPO facilitates the assignment 

of responsibilities and ownership.  

 

 

Table 1: Five principles to follow when creating Material 

Passport (3XN Architects and GXN Innovation 2019) 

1 

Documentation. 

All relevant information is documented 

in all building phases  

The MP is all-inclusive from Material 

level to building level. 

The MP is accessible to relevant actors 

during the whole process.  

2 Identification. Include physical identification of 

elements.  

Materials should have unique labels. 

A database containing all relevant 

information should exist. 

3 Maintenance. Maintenance and restorations guidelines 

of physical assets should be incorporated.  

The MP has to be updated with any 

physical modifications.  

4 Safety.  All safety procedures should be 

documented for all building lifecycle 

phases.  

5 Interim. Document ownership and responsibilities 

of elements in all phases. 

DISCUSSION 

There are pressing challenges in the industry regarding 

sharing data from heterogeneous data sources and 

stakeholders (Valluru et al. 2020). Collecting MP-related 

data can be technically and socially challenging. 

Collecting MP-related data is not mandatory and is mainly 

filled based on stakeholders' willingness, making data 

collection and coordination difficult (BAMB 2017). MP 

relevant data are collected using different file formats and, 

at times, in written forms. Generally, design and 

manufacturing-related object data are stored as CAD files. 

Next, in the value chain, logistics-related data is stored in 

materials resource planning (MRP) and enterprise 

resource planning (ERP) systems. Construction-related 

information is reported using paper-based daily field 

reports (Babič, Podbreznik, and Rebolj 2010). Since these 

tools are not often used in conjunction, researchers have 

found that nomenclature and geometrical data definition 

used to describe elements is not consistent and is difficult 

to structure information (Andersson and Lessing, 2017; 

Malmgren et al., 2011; Babič et al. 2010). The 

implementation of MP can also depend on the different 

business models of IC companies. Vertically integrated 

industries such as the automotive industry could have an 

easier structure to collect relevant data (L. Luscuere and 

Mulhall 2018). This business model is also seen with IC 

companies. Detailed design, prefabrication, and 

construction activities are often done or managed by the 

same company. There is also a long-term relationship 

between stakeholders, which can create an easier pathway 

to a  standardized MP data collection throughout the 

supply chain (Babič, Podbreznik, and Rebolj 2010).  
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Another issue is that MP-related data are not 

sufficiently created or collected. During the value creation 

processes of products (e.g. design and manufacturing), 

most MP-relevant data is often created through digital 

design and manufacturing tools. Nevertheless, during 

value retention phases such as maintenance, the process 

becomes complicated (3XN Architects and GXN 

Innovation 2019). Although there are recent movements 

to tackle this challenge, such as BIM for facility 

management or AIM (asset information model), their use 

is quite rare (BAMB 2017). Also, most recent 

collaboratives tools are proprietary and lack sufficient 

integration (Valluru et al. 2020). Experts also argue 

whether BIM-based softwares are the best platform for 

MP. This is due to the sheer amount of data it needs to 

store, which makes models heavy to handle(M. Honic, 

Kovacic, and Rechberger 2019). 

For these reasons, semantic web technologies are 

considered as the efficient way to host different domain 

data and to create interoperability (Pauwels, Zhang, and 

Lee 2017). The MPO framework for circular IC products 

outlines a means to achieve circular MP collection in 

next-generation products and processes. By formulating a 

fundamental understanding of knowledge in the form of 

an ontology, it is possible to define an MP's structure in 

the smallest possible detail. This should make it possible 

that even though heterogeneous sets of information are 

formed, they can be represented in an agreed mapping. 

Therefore, this contribution should be considered as a 

common starting point to perform further detailed 

research on the structure, requirements, and related 

processes of creating an MP. 

In this paper, the MPO created a preliminary framework 

to show the basic components of MP and their 

interrelationship. Nevertheless, we acknowledge some 

limitations. The current MPO classes and relationships 

are simplified and not exhaustive.  Additionally, the MPO 

is at an early conceptual level and has not fully considered 

elements that would need to be in place. Different 

accessibility levels of data and restrictions on property 

values are a few examples. Issues that could arise from 

duplication of data and integration of different file sources 

are also not explored. The MPO also needs to be refined 

and validated. Further work by the authors will refine and 

expand the ontology framework using an IC case 

company.  

CONCLUSIONS 

The product platform used in IC creates a better control of 

products and close collaboration with stakeholders. These 

attributes make a potential fit to applying the principles of 

CE and create MP. Considering that notion, the paper 

identifies key components of MP and proposes an 

ontology-based framework to collect MP-relevant data 

for IC products. Findings show that 1) functional levels of 

buildings should be identified and their property attributes 

collected at each level. 2) Property attributes can have 

different values in different building lifecycle phases. 

Hence each value should be filled with the corresponding 

lifecycle. 3) actors are a vital component of MP. They fill 

in and consume MP related data. Hence actors should be 

identified and assigned responsibilities. The fundamental 

structure in the MPO gives basic MP pointers to IC firms 

that are willing to design, produce, and manage circular 

IC products. Finally, the paper discusses the technical,  

social, and business-related challenges and possibilities to 

implement the MPO in the current construction sector.  
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ABSTRACT

The as-built information is rarely stored in a struc-

tured, machine-readable, and model-based way. Se-

mantically enriched IFC models can help to achieve

vendor-neutral storage and processing of information

from the construction phase. This paper analyses

exemplarily the documentation of concreting dur-

ing construction and specifies the Building Concrete

Monitoring (BCOM) ontology using ABox state-

ments for monitoring concrete work and laboratory

testing. Utilizing the ICDD, a container is created

to capture the information about concrete work with

semantic web technology and to link this information

with the IFC-based building model. The feasibility of

this approach is evaluated in a specific use-case with

a web-based platform implementation.

INTRODUCTION

The recording and exchange of relevant construction

information is an important part of the construc-

tion process. Depending on the technical specifica-

tion, quantity measuring, construction diaries, deliv-

ery notes, photos, test reports, etc. are required for

acceptance and invoicing of the construction work.

This information is recorded by the contractor dur-

ing construction and handed over to the construction

supervisor or client.

However, most of this information is still stored

in paper-based form or non-machine-readable files.

Hence, the verification of the construction work and

the communication between contractor and client in

case of discrepancies are often associated with ad-

ditional effort. The transfer of the as-built data

into an asset management system (AMS) for oper-

ation after construction can lead to uncontrolled loss

of information due to the complexity of the docu-

mentation (Yuan et al. 2016). With the extensive

use of model-based design using Industry Foundation

Classes (IFC), model-based storage of construction

information and documents is possible. Nevertheless,

the IFC schema only covers a limited set of seman-

tics and properties and is less flexible for an exten-

sion. To overcome the current issues in interoper-

ability using IFC, the information relevant for con-

struction and operation can be recorded as machine-

readable and interpretable data using domain ontolo-

gies. In these ontologies, the structured information

can be recorded, managed, and queried regarding spe-

cific logic definitions which achieves a more interop-

erable cross-domain data exchanging. Moreover, the

data integration can be facilitated using distributed

data with semantic web technologies.

Regarding current research presented in the lit-

erature review, there are two possible approaches for

modeling construction documentation data, namely

(1) modeling in the original construction data, e.g.

the building model, and (2) modeling in a superordi-

nate structured common data model, e.g. using se-

mantic web technologies. The essential prerequisite

in both approaches is the availability of an IFC build-

ing model. The IFC schema gives the possibility of

individual extension to store the building information

directly as part of the building model in IFC. How-

ever, the more comprehensive the captured informa-

tion is, the more difficult it is to edit and transfer the

building model.

Alternative modeling principles have emerged for

construction data over the last few years, of which

semantic web technologies are one relevant example

in the research (Pauwels et al. 2017). Semantic web

technologies are, for instance, employed in the stan-

dardized Information Container for linked Document

Delivery (ICDD). The information can be captured

and structured as instances of specific standardized

ontologies inside this container. The combination of

this information with the building model and other

file-based data can be realized by the ICDD. In this

way, the information retains its domain-specific data

structure and offers domain-specific data despite the

link to the building model. Therefore, a container

created at the construction phase can capture the as-

built data and be transferred for operation (Fig. 1).

The scope of this paper is the construction phase,

while the operation phase is considered in further re-

search. As a specific use-case from the construction

phase, the documentation of on-site concrete work

and off-site laboratory quality testing is taken into fo-

cus in this research. The required information is col-

lected and modeled in a machine-readable way with

the help of the developed Building Concrete Monitor-

ing (BCOM) ontology using ABox statements. The

ontology provides a schema for monitoring the con-
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crete work, checking the fresh concrete properties,

and testing the compressive strength of hardened con-

crete.

c

ICDD at 
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Analysis 
Doc
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Figure 1: Overview of the information flow of as-built data
between the construction and operation phase for asset

management

Succeeding the Introduction, relevant research is pre-

sented in the section Related Work. The research

approach for the development of the ontology for the

demanded information management of construction

documentation is presented in the section Methodol-

ogy. In the section Experiment, all the development

steps to prepare the information container are pre-

sented. In the section Result Analysis and Evalua-

tion, the usability of the created ICDD is tested and

evaluated with data from the practice. Finally, an

overview and possible improvements and extensions

for future research are presented in the sections Dis-

cussion and Conclusion.

RELATED WORK

Recent research has shown the need for systematic

information management in the Architecture, Engi-

neering, Construction, and Operation (AECO) indus-

try to achieve an optimized lifecycle asset manage-

ment of buildings and infrastructure utilizing existing

Building Information Modeling (BIM) methods and

recent digital twin approaches (Boje et al. 2020, Sacks

et al. 2020, Lu et al. 2020). Boje et al. (2020) stated

that the capacities of BIM especially in interoperabil-

ity issues cannot sufficiently close the gap between

the traditional document-based construction lifecy-

cle and the next generation of web-based and data-

centric information management. This next genera-

tion of information management requires a dynamic

and extendable semantic environment to overcome

the complexity of data and harnessing information in

the operation phase. Regarding Boje et al. (2020), se-

mantic web technologies and ontologies are a promis-

ing approach for modeling lifecycle information in the

digital twin. Sacks et al. (2020) performed a con-

ceptual analysis of the usage of digital twins as a

lifecycle information system in design, construction,

and operation phases to provide data-centric infor-

mation management. The study shows the need for a

graph-based cloud approach to information manage-

ment, compares existing approaches, and identifies

impediments to the implementation of such systems.

Lu et al. (2020) have shown that the operation phase

of building asset management lacks information and

have reviewed limitations of BIM-based asset man-

agement focusing on technology, information, orga-

nization, and standards. These recent publications

show the relevance of data-driven information man-

agement in construction and building operation.

Yuan et al. (2016) emphasize the importance

of comprehensive and complete construction records

and as-built documentation of assets for data-driven

information management in the operational phase, es-

pecially for transportation infrastructure like roads

and bridges. They describe a data loss in the trans-

fer of information between construction and operation

phases, which relies on the extensive use of paper-

based data during construction, and propose elec-

tronic and machine-readable data flow of construction

information as the ideal information accumulation.

For road infrastructure management, Luiten et al.

(2018) employed semantic web ontologies to realize a

common European asset information management to

provide information on the lifecycle of infrastructure.

The authors evaluated their concept also for the align-

ment of national specific guidelines and frameworks

like the ASB-ING in Germany.

Generally, there are two approaches for model-

ing lifecycle data of a building, namely (1) modeling

in the original data, e.g. the building model, and (2)

modeling in a superordinate structured common data

model, e.g. using semantic web technologies. With

the ubiquitous usage of BIM, the Industry Founda-

tion Classes (IFC) have been established as a com-

mon vendor-neutral exchange format and have been

standardized for model-based data exchange in ISO

16739. The domain layer of the IFC contains defini-

tions for special areas of building lifecycle (architec-

ture, construction, structural engineering, asset man-

agement, etc.).

On the one hand, research has shown that the

domain layer does not suffice the full information re-

quirements and needs to be extended (1), for instance

with specific information for the design phase employ-

ing information for cost calculation (Zhiliang et al.

2011) or information for delay claim (Hammam &

El-Said 2018). Ding et al. (2017) presented a com-

prehensive extension of the IFC schema for modeling

quality management information and information on

the work schedule inspection. To monitor the struc-

tural health of a building, Theiler & Smarsly (2018)

proposed an extension of the IFC schema enriching

the building model with physical information from

sensor networks. Moreover, Krijnen & Beetz (2017)

demonstrated the extension of the schema with point

cloud data. Tanaka et al. (2016) proposed an exten-
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sion to capture inspection data of bridges in a web-

based prototype. Nevertheless, the IFC standard has

mainly been developed for information exchange in

data delivery purposes (Lee et al. 2015). It has so-

phisticated handling of the model view definitions for

application domains (1) but is not suitable for dy-

namic extension Boje et al. (2020).

On the other hand, the modeling approach in

a superordinate common data model (2) requires

domain-independent modeling utilizing a stack of

technologies, which is delivered, for instance, with

the semantic web. Besides the usage of IFC, se-

mantic data can be modeled using ontologies mak-

ing data more accessible, queryable, and inference-

able (Pauwels et al. 2017). The usage of the semantic

web in the AECO industries has been analyzed by

Pauwels et al. (2017). Several construction-specific

ontologies exist that have been modeled using the

Web Ontology Language (OWL). This common vo-

cabulary for ontology modeling (Motik et al. 2012)

makes these ontologies and their instance data eas-

ily machine-interpretable. One of the construction-

specific ontologies is the Building Topology Ontology

(BOT) presented by Rasmussen et al. (2020), which

provides a high-level approach to model the topol-

ogy of buildings. As an addition, Hamdan & Scherer

(2020) demonstrated an alignable sibling of the BOT

for bridges, which is available as the Bridge Topology

Ontology (BROT) including components and mate-

rials. For modeling damages of buildings, the Dam-

age Topology Ontology (DOT) has been presented by

Hamdan et al. (2019), which allows to describe, clas-

sify, and evaluate damages and technical degradation.

Along with this, further ontologies for the descrip-

tion of material and components were published. Kim

et al. (2018) proposed ontologies for a semantic web-

based facility management approach linking BIM and

information from the facility management database.

Combining ontology-based data with model-

based BIM-data, the ICDD has been described and

standardized in ISO 21597. The information con-

tainer enables an exchange of heterogeneous original

data embedded in a semantic web meta-layer that

provides metadata and linking capabilities. With

this approach, model data, documents, images, and

ontology-based data can be linked, stored, and ex-

changed. Moreover, information can be queried from

containers using semantic web query languages like

SPARQL or GraphQL (Werbrouck et al. 2019). The

ICDD can be implemented as a partially or fully

equipped common data environment providing spec-

ified web services for interaction with software appli-

cations (Senthilvel et al. 2020).

METHODOLOGY

In this research, a methodology is defined for cre-

ating a domain ontology and a corresponding con-

tainer template to facilitate information exchange in

the specific use-case. The first step for the develop-

ment of a use-case-specific ontology is the definition

of the use-case (1), which is reproducible in a defined

environment. (see Fig. 2). The use-case includes a

characteristic set of actors and sequences and deliv-

ers observable results. Technical and legal boundary

conditions are considered. After a process defined

together with all possible sub-processes, the informa-

tion flow between participants is analyzed regarding

process steps, information artifacts, and communi-

cation procedures. For this analysis, a construction

company has been interviewed and several informa-

tion artifacts have been examined. The data of the

analysis has been aggregated in a process map.

c

(1) 
USE-CASE

(2) 
PROCESS MAP

(3) INFORMATION 
REQUIREMENTS

(4) 
ONTOLOGY MODELLING

(5) 
CONTAINER TEMPLATE

(6) 
CONTAINER USAGE

(7) 
INFORMATION QUERY

Figure 2: The methodology of gathering required information
(blue), creating an ontology and a container template for the
use-case (green), and the evaluation in a web platform (grey)

The process map (2) delivers the information require-

ments (3) for the ontology. The information require-

ments consider all information that is acquired and

exchanged in the process, especially that is available

only in paper-based documents. This allows for the

creation of the classes and properties in the ontol-

ogy (4), enables the definition of semantic relations

between the model-based data and the decoupled file-

based data, and determines the information container

used for the evaluation. The technical framework for

modeling and publishing the ontology is handled ac-

cording to common methods presented by Garijo &

Poveda-Villalón (2020). With regard to the process

map, at this stage, the information container is de-

fined as a template (5) to request specific information

from the actors in the workflow. For the evaluation

of the ontology and the template, this container will

be used and populated with the requested informa-

tion (6). To prove the feasibility of this research ap-

proach, in the last step specific information from the

documentation is queried (7) employing a query lan-

guage.

The first three steps of the workflow shown in

Fig. 2 are prerequisites for the ontology modeling

and the container template. Together, these steps

are presented as the main contribution in the sec-

tion Experiment. In the section Result Analysis and

Evaluation, the use of the container with information

collection and queries of information are evaluated.
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Figure 3: Process map of concreting and documentation with information exchange

EXPERIMENT

Use-case definition

For testing the usability of ontologies for model-based

information storage according to the defined method-

ology, the frequently occurring task concreting in a

construction project is taken as the use-case. In prac-

tice, concrete casting requires the contractor to doc-

ument detailed information regarding concrete work

on the construction site. Depending on the concrete

properties in design, conformity checks must be car-

ried out continuously during construction. This infor-

mation must be presented to the client or construc-

tion supervisor in a verifiable manner for each con-

creting section and construction component. The fol-

lowing prerequisites apply to this use-case: concrete

composition based on properties, placing ready-mixed

concrete in situ, conformity test for concrete compres-

sive strength, and testing by a third-party laboratory.

This use-case is specific for construction projects

located in Germany and meets the national technical

contract conditions and guidelines for structural engi-

neering (ZTV-ING). This German guideline provides

information for documentation on delivery, casting,

and testing of ready-mixed concrete. The ready-

mixed concrete must be tested and documented for

fresh concrete properties and hardened concrete con-

formity in accordance with the standard series DIN

EN 1045, DIN EN 206-1, and DIN EN 13670.

Process analysis

The use-case involves the client, the contractor, and,

if applicable, the concrete testing laboratory, which

are modeled in the process map in Fig. 3. A separate

lane is introduced hosting the information artifacts.

The whole process is part of the project documenta-

tion and the concreting diary.

The actions of the client, contractor, and third-

party laboratory are depicted in the process map for

performing the work, inspecting the material proper-

ties, and recording the data. The process begins with

the preparation and delivery of the concrete, which

creates the first information artifact to be managed,

namely the delivery note. The contractor is respon-

sible for collecting the required information. The in-

spection of the material properties can either be con-

ducted as a self-inspection or by a third-party labo-

ratory depending on the guidelines and the require-

ments of the concrete.

The whole casting and testing process creates sev-

eral information artifacts, which must be considered

in the modeling of the ontology. Only after verifi-

cation of the data of concrete work by the contrac-

tor can the performed work be accepted. The client

or construction supervisor is authorized to check the

concrete work documentation and therefore needs

comprehensive access. The documentation is usually

done with paper forms. This shows the enormous

need for solutions for model-related information man-

agement on the construction site.

Information requirements

The information requirements can be directly derived

from the processes and information artifacts. The

process map in Fig. 3 shows the acquired informa-

tion: the delivery of the concrete, the test samples of

the fresh concrete, the tested properties of the fresh

concrete, the conditions of the concrete casting, the

conditions of the concrete curing, the conditions of

the concrete test storage, the tested properties of the

hardened concrete and the documentation of the test

of the hardened concrete properties.

These are the minimum requirements an infor-

mation management solution must fulfill regarding

guidelines and regulations. Additional information

on the involved persons and organizations as well as

their contact data should be captured in the ontology
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to create documentation that can be reliably used in

the long term.

Building Concrete Monitoring (BCOM) ontology

The analysis shows that a specific ontology for con-

creting and quality of concrete is necessary for this

use-case. In the review of literature, ontologies were

considered that can represent materials for buildings

or bridges, but these are limited to the typification

of materials and are not mapped into a specific pro-

cess. The required ontology is created in this paper as

the Building Concrete Monitoring (BCOM) ontology

using OWL vocabulary. BCOM is defined for cap-

turing and linking the information of concrete work,

concrete curing, and testing of concrete properties. In

the following the namespace prefix bcom is used repre-

senting the ontology URI https://w3id.org/bcom.

The OWL classes for delivery, placement, and curing

of concrete and related classes for tests, test samples,

and storage conditions are developed in the ontology.

To capture the data of the test persons, test orga-

nizations, and the ready-mixed concrete plant, the

ontology vCard from Iannella & McKinney (2014) is

imported into the ontology. Fig. 4 shows the BCOM

components and relations between the classes.

owl:ObjectProperty

external

bcom:HasTestPerson

BCOM

ConcretePlacement

ConcreteCuring

FreshConcrete
Properties

Test
Sample

bcom:HasDelivery

VCard
Organization

Individual

bcom:HasCuring

bcom:HasTest 

bcom:HasSupplier

bcom:HasTestOrganisation

LEGEND
Ontology owl:Class

Test

rdfs:subClassOf

Storage

bcom:HasStorage 

ConcreteDelivery

bcom:Has
TestSample

ConformityOf
Compressive

Strength

Concrete
Delivery

Concrete
Placement

Concrete
Curing

Figure 4: Overview of the BCOM ontology, its classes, and the
relations between classes via object properties

To represent the information about concrete work,

the classes bcom:ConcreteDelivery, bcom:ConcretePla-

cement, and bcom:ConcreteCuring are created. The in-

stantiated data is recorded in the comparable scope of

the practice-relevant concreting diary. For example,

the placement date, quantity, air temperature, and

duration of curing are defined as data properties. The

delivery notes will later be stored, for legal reasons,

in the information container. With bcom:HasSupplier

the instances of bcom:ConcreteDelivery can be linked

with the concrete plant as instances of vcard:Orga-

nization. With bcom:HasCuring the instance of con-

crete placement can be associated with the respec-

tive instance of concrete curing. The instance of

bcom:ConcretePlacement can later be linked with the

element of the IFC model in the information con-

tainer. The material properties of fresh concrete and

the conformity of the concrete compressive strength

are represented by bcom:FreshConcreteProperties and

bcom:ConformitiyOfCompressiveStrength. The infor-

mation of test samples can be captured as instances of

bcom:TestSample with a specific storage condition de-

fined in bcom:Storage. In addition, the report of the

conformity test should be stored as a document in

the information container. With bcom:HasTestSample

the instances of bcom:TestSample can be assigned to

instances of bcom:Test. Through bcom:HasTestPerson

and bcom:HasTestOrganisation, the test person as in-

stance of vcard:Individual and the associated labora-

tory as instance of vcard:Organization can be linked

to the tested fresh concrete properties or compressive

strength.

Container template for concrete work documentation

The storage and exchange of information according

to the BCOM ontology are proposed using the ICDD.

The client delivers the container template with pre-

pared data structures, the as-planned IFC model, and

a link set template. The contractor supplements the

container template with documentation data during

the construction phase to create the as-built con-

tainer. The content of the ICDD according to ISO

21597-1 is structured in three folders: Ontology re-

sources, Payload documents, and Payloads triples. An

overview of the content of the information container,

the data types, the creation stages, and the creator

of the information are presented in Table 1.

As a result of the analysis of concrete work pro-

cesses, the container must be equipped with the in-

formation of concrete work and the delivery notes of

ready-mixed concrete of each delivery by the contrac-

tor. Conformity test reports are stored as documents

in the folder Payload documents by the testing lab-

oratory. These also might be stored in subfolders.

The concreting documentation is continuously com-

plemented by the contractor. The link set Ifc2BCOM

in the Payloads triples folder is created as a template

and supplemented by the link to the model at each

information delivery. The ICDD provides several pre-

defined types of links, of which the generic directed

m-to-n link is utilized to link a set of m building el-

ements from the IFC model to an instance of the

bcom:ConcretePlacement. Furthermore, delivery notes

can be linked to instances of bcom:ConcreteDelivery

and conformity reports linked to bcom:Test. The other

relations are managed inside the BCOM ontology.

ICDD user interaction platform

During the construction phase and in transition to the

operating phase of a building, accessibility of data is

one of the main impediments to a successful collabo-

ration between the client and contractors. Therefore,

in this approach, a web-based ICDD platform is used

and extended to enable a CDE-like information ex-
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Table 1: Content of the information container template for the documentation of concreting in construction

Folder File Type Creation stage Created by

Ontology Container rdf container template ISO 21579-1

resources Linkset rdf container template ISO 21579-1

BCOM ttl container template this paper

VCard ttl container template Iannella & McKinney (2014)

Payload IFC Model ifc container template as contract document by client

documents Conformity Report [1...n] pdf during work process captured by third-party laboratory

Delivery Note [1...n] pdf during work process captured by contractor

Payload
triples

Ifc2BCOM rdf container template
/ during work process

as contract document by client
/ captured by contractor

ConcretingDocumentation ttl during work process captured by contractor

change so that the data presented in the data storage

lane (see Fig. 3) is accessible to all parties involved.

For the evaluation of the ontology in the follow-

ing section, the data from the defined ontology will

be linked to model data and additional files for docu-

mentation. Therefore, the information containers are

supplemented with the ontology description as an ex-

tension of the underlying ontological schema of the

ICDD. Ontologies as well as their imported depen-

dencies belong to the Ontology resources folder (see

Table 1). For the evaluation of this approach, the

existing web-based ICDD platform presented in pre-

vious research (Hagedorn 2018) is extended with a

parser for payload data according to the delivered

user-defined ontologies. Ontology-based payload data

in the Payload triples folder can be stored within a con-

tainer using Turtle or RDF/XML syntax. The refer-

enced ontologies are parsed into classes and proper-

ties. Instance data from the payload is parsed into in-

dividuals according to the classes and properties from

the ontology.

Instance payload triples can be viewed, edited,

and added in the context of an information container

on the ICDD platform using the web interface. In-

dividuals from the payload can be referenced in any

link type inside the container using the URI-based

identifiers. Moreover, elements from the Container.rdf

can be referenced from the ontology-based payload.

RESULT ANALYSIS AND EVALUATION

Container usage

To evaluate the developed ontology as well as the

created information container on the ICDD plat-

form regarding usability and feasibility, this section

presents a practical example for the described use-

case. A reinforced concrete bridge is introduced as

the construction for the concrete work. The western

foundation of the bridge is the element to be con-

creted. The date and the conditions of placement

are recorded in instances of bcom:concretePlacement

(see Fig. 5). For this concreted element, test

samples are taken and stored for conformity test-

ing. This information is generated as an instance

of bcom:TestSample. In this process, the fresh con-

crete properties are tested and documented as an in-

stance of bcom:FreshConcreteProperties. The curing

of the element is documented. The result of the con-

formity test is also recorded in ICDD as an instance

of bcom:ConformitiyOfCompressiveStrength, for which

the third-party laboratory is responsible in practice.

This practice common report is stored as a document

in ICDD and is linked to the instance of conformity

testing.
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Figure 5: Editing documentation data on the ICDD platform

Information querying

One advantage of machine-readable semantic model-

ing of information for asset management is the ability

to query data according to formal logic and semantic

relations. The links between the IFC elements and

instances of the ontology provided by the proposed

container can be queried using SPARQL on the

aggregated data set in a triple store. In a given

scenario, all building elements cast from a specific

batch of ready-mixed concrete need to be queried for

a defect notification of the concreted foundation. A

SPARQL query for this scenario can be executed as

depicted in Fig. 6.
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SELECT ?concreting ?ifcGuid WHERE
{  ?delivery bcom:hasSupplier bcinst:Supplier_01 . 

?concreting bcom:hasDelivery ?delivery .
?identifierBcom ls:uri ? concreting . 
[... truncated link element queries]

?identifierIfc ls:identifier ?ifcGuid .   }

Figure 6: Querying documentation data with SPARQL

This query delivers a result set with pairs of the con-

crete placement procedure and the GUIDs of the re-

spective linked building elements for a specified con-

crete supplier. Further use-case-related queries are

conceivable, for instance, querying over the confor-

mity test to check if the conformity of the compressive

strength is fulfilled.

DISCUSSION

The results of the evaluation indicate that the cap-

ture and management of information regarding con-

crete work through ICDD and the ontology BCOM

provides significant added value for documentation in

the construction process. Linking extensive informa-

tion on the concrete of built assets to IFC elements

has become possible with the presented approach.

The implementation in a web-based environment en-

ables participants to integrate information into the

as-built data to facilitate lifecycle-oriented asset in-

formation modeling. Value creation for the operation

phase can be achieved with subsequent use of the inte-

grated data, e.g., by querying over the comprehensive

dataset utilizing the ICDD and SPARQL.

The result of research in this paper shows that

use-case-specific heterogeneous technical data can be

captured reliably and with minimal effort by using

the respective ontology. Creating a completely new

ontology leads to extensive work, while the extension

of the ICDD utilizing existing ontologies is feasible.

Nevertheless, the presented approach delivers only a

mid-term solution for information management. As it

is oriented on the process in practice, it is still partly

based on file exchange. Recent research (Senthilvel

et al. 2020, Pauwels et al. 2017) has shown that in

the future information management in the AECO

industries will be cloud-based and decoupled from

files. To achieve more interoperability between on-

tologies, alignments with existing ontologies such as

BMAT, BROT (Hamdan & Scherer 2020) or BOT

(Rasmussen et al. 2020) should further be considered.

The BMAT ontology also describes materials in the

context of bridges but has not been considered for the

ontology development in this approach, as it does not

fulfill the complex requirements of the documentation

process.

In terms of data transfer from the construction

to the operation phase, it is advantageous if the

model data is classified in accordance with the As-

set Management System. As classification is specific

for projects and differs between nations, Luiten et al.

(2018) provided a solution for classifying building el-

ements creating an ontology of the respective clas-

sification and executing inferences on the data set.

Especially considering the long-term development of

as-operated models and digital twins, more build-

ing data needs to be captured and managed with

domain-specific ontologies as mentioned by Terkaj

et al. (2017), which can be used in connection with the

IFC building model within a comprehensive ICDD.

CONCLUSIONS

In this research, the BCOM ontology has been de-

veloped based on a specific use-case, a process analy-

sis, and information requirements. It consists of five

classes, which provide capabilities to capture informa-

tion of the concrete work and the conformity test of

concrete compressive strength. For the evaluation of

the ontology, a web-based ICDD platform is extended

for the creation of an ICDD including the presented

user-defined ontology. Therefore, a test case is ap-

plied in which the user-defined ontology is used and

linked with an IFC-based bridge model in an infor-

mation container. Instances of the developed ontol-

ogy are generated for adding information on concrete

work. SPARQL queries of certain information for the

asset management confirm the added value of data

collected in conjunction with the building model.

Furthermore, the presented approach can be opti-

mized by connecting to other ontologies to give more

compatibility when capturing construction informa-

tion and transferring such information to an AMS.

The developed ontology has to be aligned with exist-

ing ontologies in the adjacent domains. For a fully in-

teroperable web-based lifecycle information manage-

ment, further semantic web approaches need to be

implemented for a cross-lifecycle use of information.

APPENDIX

Documentation and sources of the BCOM

ontology can be found under https:

//w3id.org/bcom and https://github.com/

RUB-Informatik-im-Bauwesen/bcom.
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ABSTRACT

Since 2010, research on cloud-based Building Infor-
mation Modeling (BIM) has been receiving increased
attention, motivated by the need to increase produc-
tivity through interoperability in the construction in-
dustry. To date, IFC is the de-facto standard for data
exchange among tools in this domain. However, IFC
is too large and not sufficiently specific to effectively
support the management of a single building model
by multiple tools. This paper proposes BIM-kit, a col-
laborative BIM platform based on a simple, modular
data schema. In this research, we demonstrate how
multiple task-specific tools can be used collectively
and efficiently in a shared cloud-based BIM environ-
ment to support a variety of use cases, across the
overall building-design activity.

INTRODUCTION

The construction industry is increasingly being dig-
itized and a variety of tools are being developed
to support design-and-construction activities, from
building design, to materials procurement, construc-
tion project management, interior design, and build-
ing usage simulation. Collectively, these tools and
the process of constructing digital building models
is known today as Building Information Modeling
(BIM). Towards enabling the interoperability of these
BIM tools, the industry developed the Industry Foun-
dation Classes (IFC) (buildingSMART IFC 2021) in-
terchange format.

IFC is a structured textual format that supports
the representation of a BIM model, i.e., most infor-
mation about a building, including its structural el-
ements, i.e., walls, floors, doors etc., their relations,
such as adjacency for example, and their geometries.
An essential first step towards interoperability, IFC
suffers from a number of shortcomings. First, the
complexity of the information required by the po-
tentially many building-construction tools makes the
IFC schema quite large. In IFC2x3 (2006), there are
653 entities and 327 types (117 defined types, 164
enumeration types, and 46 select types). By 2015,
when IFC4 was released, the numbers had grown
to 766 entities and 391 types (Solihin & Eastman
2016). In effect, the IFC representation of a build-
ing is a quite verbose textual representation of every-

thing that a tool knows about the building at a spe-
cific point in time. Because of the size and complexity
of the IFC schema, Model View Definitions (MVDs)
were created to filter the schema into subsets of types
and entities relevant to different activities. As a re-
sult, even the tools that import and export IFC mod-
els are unlikely to understand and use all their ele-
ments; instead, they only work with the partial subset
of IFC data that is covered by their domain-specific
MVD, possibly causing ambiguities and inconsisten-
cies in the overall model. Finally, large as the IFC
may be, it cannot include all the information required
by all the tools that may consume it, since the level
of detail required by each tool for each IFC element
depends on the tool functionality. As a result, each
tool tends to add to it additional proprietary infor-
mation that is not meaningful to, and gets ignored
by, other tools.

As long as one uses IFC as an archival representa-
tion of the work-product of a tool, these shortcomings
are not particularly problematic. They become much
more pronounced, however, when one considers the
opportunity of a number of users working on different
aspects of a building on their own preferred tools, as
envisioned, for example, by cloud-based BIM (Afsari
et al. 2016). Current solutions offer shared reposito-
ries of IFC building models and a set of APIs through
which third-party tools can download the most recent
state of the model or upload their modifications to it.
As we discussed above, the inconsistencies and ambi-
guities that each tool introduces as they modify their
own MVD-specific model subsets make this visionary
workflow practically impossible.

A number of recent publications, which we dis-
cuss in detail in the next section, recognize the short-
comings of IFC’s one-(big)-size-fits-all approach. In
this paper, we describe BIM-kit[1], our research col-
laborative platform that relies on a different type of
model sharing: instead of requiring that each tool ex-
ports and consumes a complete IFC model, the shared
BIM-kit repository is organized around small cohe-
sive elements, cross-referenced with each other. At
the core of this organization are a set of well-defined
basic geometry properties and relations, applicable to

1BIM-kit code can be found at: https://github.com/csydora/BIMkit
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an extendible hierarchy of object types.
As we will demonstrate, this approach supports

commonly sought after use cases of cloud-based BIM,
such as model-checking applications, building simu-
lation, viewing and editing applications, and auto-
mated design, that are at best challenging to achieve
using the standard practice of IFC-centric cloud
repositories. In fact, there is no demonstration of
IFC seamlessly supporting all these tasks. Therefore,
BIM-kit is targeted towards both designers that wish
to utilize multiple automated cloud-based BIM ser-
vices, and the developers of BIM services such that
standardized and comprehensive models are main-
tained.

The BIM-kit repository is implemented in Mon-
goDB, a document-centric NoSQL database that nat-
urally supports this kind of representation. To ensure
the consistent manipulation of the repository objects,
BIM-kit implements a number of APIs to ensure that
the objects are correctly updated by the tools inte-
grated with it.

The key elements of the BIM-kit repository are
the building models, a catalog of objects which are
referenced in the building models, a list of proper-
ties and relations, and a taxonomy of object types.
To date, BIM-kit integrates six different tools, all
of which exchange data with the central repository.
Some of them support users to visually experience
and manipulate the models and others implement
completely automated model-manipulation services.
At a high level, the currently available BIM-kit tools
are the following:
1. The Building Model Editor, implemented in the

Unity Game Engine, enables users to select items
from a catalog of available and pre-designed ob-
jects and place them in the building model.

2. The Rules Management Service manages a design-
rules repository, which stores building codes in a
structured format, such that they can be inter-
preted and executed on a building model.

3. Three Rule Editors, each of which enables users
to create and modify design rules and to store
them in the Rules Management Service. Each
editor offers a different user experience allowing
end users to use the editor that best suits their
abilities or preferences.

4. The Model Checking Service takes as input a set of
building code rules from the Rules Management
Service and the building model from the BIM-
kit repository and returns as output a set of
references to model element that relate to the
code rules.

5. The Generative Design Service takes the function-
ality of the Model Checking Service one step fur-
ther: using a set of rules from the Rules Man-
agement Service and an initially empty building
design from the central BIM-kit repository, it
returns a model that includes a set of desired

objects, placed in a manner that respects all rel-
evant rules.

6. Finally, the Model Occupancy Simulator takes as
input a building model, and given a configura-
tion of occupants and their access to the build-
ing spaces, it simulates the occupants’ activities
in the building and returns a set of interesting
usage indicators.
The objective of this research is to describe a

cloud-based BIM solution that supports a number
of use cases, of which including automated design
and its supporting model evaluations. We argue that
this work makes the following two contributions to
the state-of-the-art. First, it puts forward a well-
defined, extendible BIM model; the BIM-kit model
is compatible with IFC, in that it can import a com-
plete IFC model and create a corresponding set cross-
referenced objects. At the same time, because the
model consists of a number of distinct objects that are
manipulated through well-defined APIs, the model
can be more easily shared across different tools. The
repository design enables the extension of the model
with additional objects, all of which are supported
by a core set of geometrical definitions. Second,
it demonstrates the usefulness of the above model
through the implementation of a variety of interac-
tive and automated tools that, together, cover a wide
range of activities that reason about building mod-
els. We envision BIM-kit will be a valuable research
testbed for building design applications with reduced
training overhead.

The remainder of this paper is organized as fol-
lows. The next section reviews the related work and
highlights the advantages of BIM-kit relative to sim-
ilar efforts. Next, the manuscript outlines the BIM-
kit data model, storage, and access APIs. Follow-
ing this description, the tools currently available on
BIM-kit, their functionalities and their implementa-
tion status are reviewed. Finally, we elaborate on
our experiments to date with these tools, and con-
clude with a summary of the lessons learned through
the BIM-kit development process, and our plans for
the future.

RELATED WORK

BIMServer (Beetz et al. 2010) is a well known open
source IFC model server, actively maintained and reg-
ularly updated. It is a IFC model repository that is
capable of performing version control and enforcing
access-control rules, checking user credentials against
their authority to access the models they request.
The associated bimviews web app enables users to
view the models, and additional functionalities can
be created by developing BIMServer plugins, such as
the example Model Compare and Query Engine Plu-
gins. There have been attempts at developing model-
checking plugins for BIMServer, but a complete solu-
tion has yet to be developed.
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cloud-based BIM solution that supports a number
of use cases, of which including automated design
and its supporting model evaluations. We argue that
this work makes the following two contributions to
the state-of-the-art. First, it puts forward a well-
defined, extendible BIM model; the BIM-kit model
is compatible with IFC, in that it can import a com-
plete IFC model and create a corresponding set cross-
referenced objects. At the same time, because the
model consists of a number of distinct objects that are
manipulated through well-defined APIs, the model
can be more easily shared across different tools. The
repository design enables the extension of the model
with additional objects, all of which are supported
by a core set of geometrical definitions. Second,
it demonstrates the usefulness of the above model
through the implementation of a variety of interac-
tive and automated tools that, together, cover a wide
range of activities that reason about building mod-
els. We envision BIM-kit will be a valuable research
testbed for building design applications with reduced
training overhead.

The remainder of this paper is organized as fol-
lows. The next section reviews the related work and
highlights the advantages of BIM-kit relative to sim-
ilar efforts. Next, the manuscript outlines the BIM-
kit data model, storage, and access APIs. Follow-
ing this description, the tools currently available on
BIM-kit, their functionalities and their implementa-
tion status are reviewed. Finally, we elaborate on
our experiments to date with these tools, and con-
clude with a summary of the lessons learned through
the BIM-kit development process, and our plans for
the future.

(Beetz et al. 2010) is a well known open
source IFC model server, actively maintained and reg-
ularly updated. It is a IFC model repository that is
capable of performing version control and enforcing
access-control rules, checking user credentials against
their authority to access the models they request.
The associated web app enables users to
view the models, and additional functionalities can
be created by developing plugins, such as
the example Model Compare and Query Engine Plu-
gins. There have been attempts at developing model-
checking plugins for , but a complete solu-
tion has yet to be developed.

There are a few additional examples centered
around IFC models such as BIMCloud (Das et al.
2014) that focus on the social interaction around the
model, and CloudServerBIM (Logothetis et al. 2018)
that extended the BIMServer functionality to include
web-based services. By using IFC as the model
schema, the above methods face the IFC related de-
velopment challenges, such as the model inconsisten-
cies due to modification. Autodesk BIM 360 (2021)
and GRAPHISOFT BIMcloud (2021) are some ex-
ample of Cloud-based BIM model servers that do not
use IFC but therefore are linked more directly to a
single design software.

Our work shares much of the motivation and some
implementation decisions with three recent publica-
tions that have proposed, or used, MongoDB for im-
plementing repositories of BIM models. Ma & Sacks
(2016) use MongoDB to store IFC files, motivated by
the need for a dynamic data schema: their system
uses the IFC schema but also enables dynamic ad-
dition of user-defined properties. The authors have
demonstrated the use of their system for the task of
reconstructing reinforced concrete beam model from
earthquake damaged buildings. Lin et al. (2016) fo-
cus on the experience of end users querying massive
IFC models for data retrieval and develop a tool that
translates natural-language queries to map IFC en-
tities. On the back-end, the tool uses MongoDB to
store the IFC data, with Objects, Relations, Types,
Geometry, and Relational Objects. This is closely
related to our implementation however, we use the
platform more broadly, allowing for services and ap-
plication to modify the model, as opposed to theirs
that only adds information to the model for query
and retrieval purposes. Jiao et al. (2013) propose a
“logically centralised but physically heterogeneous”
database where non-geometry data is stored in a re-
lational database and geometric data in a MongoDB
database. From a Revit file (Autodesk Revit 2021),
the geometry elements are classified, grouped and
stored in HOOPS files collectively, with the non-
geometrical information being linked via a Globally
Unique Identifier (GUID) and stored in the relational
database. Our solution, on the otherhand, stores the
information collectively and is more intuitive to parse
and thus modify.

The most recent and most closely related to our
work project is the Building Information Modeling
Rule Language Simplified Schema (BIMRLSS) Solihin
et al. (2020). They argue for a simple model represen-
tation to promote accessibility, and believe that at its
core, a model should store the “objects, types, their
properties, relationships, and their final geometries”.
Additionally, they cite model-checking as the key mo-
tivator to their approach and use a rule-language
method for deriving the rules; our rules being tested
on interior design, while their rules relating closely
to building paths and line of sight. They also con-

sider the benefits of Level-of-Detail (LOD) for the
stored model; however, they focus on the accuracy
of the geometry representations, where we are more
interested in the logical organization of the build-
ing model and its constituent elements. BIMRLSS
and BIM-kit differ in two important ways. First,
BIMRLSS adopts a traditional relational storage model
for BIM data, i.e., non-geometry data, as opposed to
our document-centric MongoDB. Second, BIMRLSS,
similar to BIMServer, proposes that additional ser-
vices should be treated as plugins rather than inde-
pendent services, which requires a centralized devel-
opment model of the overall toolkit, and is less ex-
tendible than out API-centric approach.

The majority of the previous research does not
examine how each of the various design activities use
and manipulate the data in the building model. In
this work, we look specifically at the data required for
each activity and we propose APIs as the mechanism
for accessing the various building-model elements in
semantically consistent manner.

BIM-kit DATA MODEL & REPOSITORY

Data Model

BIM-kit data is stored in MongoDB as document
classes, in BSON, a format similar to JSON. The
MongoDB schema contains five core element classes,
namely Model, Object, Material, Type, and User.
Client applications “see” the client-side schema, di-
agrammatically depicted in Figure 1. The difference
between these two, as we will outline in more detail
below, is that objects in the Model that have been in-
cluded from the object catalog are independent from
the Model in the MongoDB schema and in MongoDB
schema contain multiple Level-of-Detail (LOD) rep-
resentations.

Figure 1: BIM-kit client-side data model.

The Model class is the root of the building model,
identified by a unique ID and a name. It contains two
types of objects, which are the items inside a building:
CatalogObjects and ModelObjects. On the client-side,
both will appear to be the same, however, CatalogOb-
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jects in the MongoDB Model are merely references to
the elements in the MongoDB object catalog. Thus,
on the client side CatalogObjects contain the addi-
tional CatalogID field, but when stored in the Mon-
goDB Model, only contain information about where
they should be placed in the space, i.e., (Location and
Orientation). ModelObjects, on the other hand, are
objects that cannot be found in the catalog, either
because they have been constructed for the specific
building, or because they do not have a fixed geom-
etry but rather one that depends on the geometry of
other objects. These would generally include Walls,
Floors, and Ceilings, but can also include what we de-
fine as Virtual Objects such as Rooms/Spaces, Paths,
and Floor Levels. For this reason, ModelObjects must
store the actual geometrical shape representations in
both client side and the MongoDB Model as a list of
Components along with object Type. The Model, Cat-

alogObjects, and ModelObjects all have a Properties

collection associated with them.
MongoDB catalog objects are independent of spe-

cific building Models; their internal structure is sim-
ilar to that of the custom ModelObjects, since they
describe a geometrical shape, basic geometrical prop-
erties, and the object’s Type. However, each Mon-
goDB catalog object may be associated with a number
of shape representations (also known as MeshRep),
which are a list of Components for different LODs.
When a model is requested and MongoDB catalog
object are reinserted back into the client-side Model,
the user specifies the LOD those objects in model will
be in. This LOD is particularly important for appli-
cations that are restricted to the size of the model
due to performance limitations. For example, an au-
tomated design method may first reason about very
coarse objects, such as bounding boxes, for example,
and switch to displaying the objects in high resolution
when a final output solution is determined.

The idea of separating objects from a catalog from
building Models is motivated by three reasons. The
first is storage efficiency: a single catalog object can
be referenced, instead of being cloned, in multiple
models. At the same time, computational efficiency
is supported by the multiple LOD for each object.
The second reason is the need to standardize the ob-
ject usage as much as possible. Having a catalog
can streamline the model-checking process, by reduc-
ing the need to recalculate common object geometric
properties repeatedly, reducing searches by geometry
and eliminating the need for redundant recalculation.
Finally, this design decision aligns with objects in the
real world, and could potentially increase the rele-
vance of such a tool to product retailers.

In addition to the objects, Models also include a
list of Relations between two relating objects. They
contain a reference to the two objects, that can be
either CatalogObjects or ModelObjects, and a set of
geometric relations that hold true between the two.

Two common property examples would be a relation
between two objects with a distance property, or a
property that indicates one is an aggregate of another
object (Sydora & Stroulia 2019).

The next two element types are meant to stan-
dardize the way items are labeled. Types define a
tree structure, or a taxonomy, meaning each Type has
a parent Type. Ideally, ModelObjects and CatalogOb-

jects should only use the leaf Types, with intermediate
Types only being used for search.

The Material element standardizes the material
names, such that rendering applications can expect
certain material values and properties for display,
while also having a list of properties for physical at-
tributes.

User documents exist in order to restrict model
access, by storing ownership and accessibility. For
now, only users with administration access can add
new CatalogObjects, although in the future this can be
changed such that CatalogObjects, like models, have
owners. Additionally, private objects could be used
to save ModelObjects for each user, thus increasing
object reusability.

BIM-kit Repository

The BIM-kit Repository is the service in charge of the
storage and retrieval of data to and from the Mon-
goDB store. While the data is stored in five sepa-
rated document classes, the models and objects be-
ing sent to and received from the BIM-kit Repository
take client-side schema in Figure 1. This is the where
the references to the MongoDB catalog objects in the
model are replaced with the actual stored objects,
but only using the shape representation LOD defined
in the request. Therefore, the BIM-kit Repository
receives the model ID and LOD in the request and
reconstructs the data to form what is then returned
to the client.
The BIM-kit Repository is also responsible for valid-
ity in the model. For instance, if a model is uploaded
that does not satisfy the structure, or invalid ID refer-
ences, then the BIM-kit Repository will rectify those
mistakes to the best of its ability or else it will not
perform the request.

In its current state, the Building Model Editor in
BIM-kit is not able to create walls and floors. There-
fore, models in BIM-kit initially come from IFC files,
exported from other BIM tools and converted to the
BIM-kit client side data structure using the Data
Conversion tool. Once a model is uploaded, BIM-
kit provides a number of services and tools specific
to the tasks of stakeholders. A key functionality of
the BIM-kit Repository is the ability to reason about
the model and add an additional layer of information
to the model in the form of properties, relations, and
Virtual Objects. This additional information layer
can then be further used by other BIM-kit services to
form a common semantic basis for performing a va-
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ing sent to and received from the BIM-kit Repository
take client-side schema in Figure 1. This is the where
the references to the MongoDB catalog objects in the
model are replaced with the actual stored objects,
but only using the shape representation LOD defined
in the request. Therefore, the BIM-kit Repository
receives the model ID and LOD in the request and
reconstructs the data to form what is then returned
to the client.
The BIM-kit Repository is also responsible for valid-
ity in the model. For instance, if a model is uploaded
that does not satisfy the structure, or invalid ID refer-
ences, then the BIM-kit Repository will rectify those
mistakes to the best of its ability or else it will not
perform the request.

In its current state, the Building Model Editor in
BIM-kit is not able to create walls and floors. There-
fore, models in BIM-kit initially come from IFC files,
exported from other BIM tools and converted to the
BIM-kit client side data structure using the Data
Conversion tool. Once a model is uploaded, BIM-
kit provides a number of services and tools specific
to the tasks of stakeholders. A key functionality of
the BIM-kit Repository is the ability to reason about
the model and add an additional layer of information
to the model in the form of properties, relations, and
Virtual Objects. This additional information layer
can then be further used by other BIM-kit services to
form a common semantic basis for performing a va-

riety of tasks. This is achieved through a shared ge-
ometrical library which contains methods for adding
property, relation, and Virtual Object information to
a model.

USE CASES

Figure 2 shows the current state of the BIM-kit archi-
tecture and the flow of data between the repository,
and integrated services, and applications. The fol-
lowing subsections describe each of the components
of the ecosystem around the BIM-kit Repository, and
the task(s) they perform.

Building Model Editor

A key functionality for any design tool is a visual
editor for users to interact with the design artifact.
For building designs, editing is typically done in a
3D environment, and we constructed our editor us-
ing the Unity Game Engine (2021) taking advantage
of the out-of-the-box features such as 3D rendering
(and in future iterations VR and physics). The edi-
tor uses the BIMKitApi library, containing methods
for sending requests to the BIM-kit Repository, for
data retrieval from the BIM-kit Repository. Edits to
the model are made locally and only once the model is
saved is it uploaded to the BIM-kit Repository. Cur-
rently, the model editor is only able to add catalog
objects to an existing model.

The model editor will over time add plugins for
the accessing external services. We will also imple-
ment VR and AR features such as the work done in
our previous work - see Sydora & Stroulia (2018).

Rule Management Service

The Rule Management Service is responsible for man-
aging sets of rules, relevant to building designs. It
relies on a rule repository, also implemented in Mon-
goDB, accessible to three different editors for users to
specify rules.

Rules store all the information needed to compile
into executable code that can be invoked by the BIM-
kit Model Checking Service. Rulesets are collections
of references to Rules: meaning if a rule changes, all
the rulesets that include this rule are automatically
updated to point to the latest version of that rule.
This ensures that as building-codes evolve or the ex-
perts’ understanding of ergonomics deepens, changes
to individual rules are propagated in all sets that con-
sider this rule as relevant, thus enabling consistency.
When a ruleset is requested, the Rule Management
Service constructs the ruleset by finding and linking
with referenced rules. For the Rule Management Ser-
vice prototype security is limited to only a username,
and save only the users public name within the model.
The Rule Management Service provides RESTful API
calls for making changes to individual rules and rule-
sets. Additionally, it performs validity checks to en-
sure proper authorization and completeness.

As with the BIM-kit Repository, the Rule Man-
agement Service has a corresponding client side RM-
SApi library which provides methods for sending rule
requests and parsing the results. Also included is the
Rule Administration Application which is an applica-
tion for managing the Rule Management Service.

Rule Editors

There are currently three Rule Editors (RE) avail-
able in BIM-kit for creating rules, to be used for
model checking and generative design: a visual ed-
itor based on Google Blockly (2021) (BlocklyRE), a
textual editor based on a domain-specific structured
language (DslRE), and an editor based on natural
language processing (NlpRE). All three editors cre-
ate and edit rule objects in the Rule Management
Service, but each one was designed to support a dif-
ferent user-interaction model, to appeal to different
types of users with different types of technical back-
ground.

The BlocklyRE, as seen in Figure 3 (left), uses
puzzle-like pieces, each one corresponding to an ele-
ment of the rule object schema, to construct the rules.
The DslRE is a .NET WindowsForm application that
guides users actions by only providing a selectable list
of valid options to develop a textual representation of
the rules. Finally, the NlpRE enables a user to de-
scribe in (a restricted) natural language a rule and
automatically parses this description into a rule ob-
ject, as expected by the Rule Management Service.
The user can then make modifications to the parsed
rule to better reflect the input text’s intended mean-
ing. The comparison of these three editors is left to a
future study, however, each has the same overall func-
tionality in creating, editing, and uploading rules.

Each rule editor communicates directly with the
BIM-kit Repository to retrieve the available object
Types so that they can be included in the specification
of the objects to which the edited rules may apply.

Model Checking Service

The Model Checking Service is an automated service
that can be invoked by any tool in the BIM-kit ecosys-
tem, or by other third-party client applications. The
invoking application must provide a user’s credentials
as access tokens, in order to ensure that the end user
of the invoking application is authorized to access the
requested building model and validate it against the
chosen ruleset. The Model Checking Service retrieves
the model from the BIM-kit Repository and the rules
from the Rule Management Service, which it then
compiles into executable methods. As a result of exe-
cuting these methods on the building model a check-
result is created and returned to the invoking client.
The check-result is a list of rule results, which in-
cludes a reference to the rule and to the object(s) in
the building model that are responsible for the rule re-
sult. As an example, in Figure 3 (middle/right) shows
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Figure 2: BIM-kit’s application and service architecture.

the results from a rule, with the yellow objects being
objects relevant to the rule, and the green objects in-
dicating an instance of the rule that have passed the
rule check. The interested reader can find an in-depth
description of the model-checking method in Sydora
& Stroulia (2020).

A key feature of the Model Checking Service is
that, in order to evaluate the rules in the context of
the building model, it typically calculates the values
of a variety of geometrical properties and relations,
namely these properties and relations of interest to
the invoked rules. These values are stored with the
building model, cross-referenced with their associated
objects. In this manner, they can be reused by sub-
sequent model checks. If, at any point, the model ob-
jects on which these properties and relations depend
move or change, the values become obsolete and are,
therefore, deleted.
Generative Design Service

Relying on the Model Checking Service, we also devel-
oped an automated Generative Design Services that
automates the placement of BIM-kit catalog objects
in a building model such that the placements vali-
date all the relevant design rules. As with the Model
Checking Service, the Generative Design Service acts
as a proxy for the client application, and also accesses
the model and rules from the BIM-kit Repository
and Rule Management Service. In addition, the end
user provides as input a list of desired objects from
the MongoDB catalog to be included in the building
model.

The Generative Design Service included in the
BIM-kit uses a variant of the rule-based generation
from Sydora & Stroulia (2020). The method uses
domain knowledge to determine a series of possible

placement locations. It then performs a greedy search
of the placement configurations that results in an lo-
cally maximum rule compliance score. When a con-
figuration solution is found, a copy of the model with
the object placement configuration is created by the
Generative Design Service and shared with the user.
The user can then save the configuration over the ex-
isting model or discard the Generative Design Service
solution.

Model Occupancy Simulator

In 2014, Wong et al. (2014) reported that very few
CloudBIM projects focused on operation and facility
management. In addition to design, building mod-
els can be used to manage buildings and simulate
activity. In that vein, we recently developed a pro-
totype building-occupancy simulator, based on BIM-
kit models. The simulator uses the model data to
construct a set of spaces and paths that are acces-
sible to the simulation agents. In our case, the goal
was to simulate the risks associated with an infectious
pathogen under different building operation scenar-
ios, such as restricting room or floor access, or lim-
iting building occupancy capacity. More generally,
however, the simulator acts as an additional evalua-
tion in which time is a factor as elements of the model
and the use of the spaces are dynamically changing
due to the movements of building occupants.

The simulator is a Unity application that ac-
cesses a building model from the BIM-kit Repository
and renders the scene, using the same methodology
as the Building Model Editor. A navigation mesh
(NavMesh), which represents the walkable areas of
the building is constructed based on the floor com-
ponents in the model. Paths can be generated by a
combination of the NavMesh and adjacency relations
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Figure 3: (Left) Blockly Rule Editor. (Middle/Right) BIM-kit Model Check extension in the BIM-kit Building Model Editor.

extracted from the model, as the NavMesh alone is
unable to recognise level-to-level transitions such as
elevators. Finally, the simulator takes as input a se-
ries of time-stamped agent activities, generated by
a special-purpose agent-trace generation tool given a
start location and an end location, and simulates the
agent’s behaviour. During the simulation, the sim-
ulator records a variety of interesting indicators, in-
cluding agent interactions, and occupancy levels at
the individual room and zone levels.

DISCUSSION

Advancing Interoperability

BIM-kit is conceived to address the challenge of
maintaining a consistent representation of a building
model, while at the same time, making it available
to a variety of tools for different types of reasoning
and design activities. This is a primary problem with
IFC, which often times is referred to as a “view only”
version of all building information; modifications to
an IFC file have to be requested to the designer rather
then done directly on the model. On the other hand,
BIM-kit allows direct modification of the model, en-
suring its integrity through its well-defined modular
schema. At the same time, the BIM-kit Repository
can ingest and export IFC models, thus ensuring a de-
gree of interoperability with current IFC-based soft-
ware.

Compared with previous cloub-based BIM ap-
proaches, the underlying BIM-kit schema is concise
in its representation, but as demonstrated, not lim-
ited to a single application and use case.

Semantic Modeling

The underlying semantic enrichment and rule-
checking follows much of the same motivations as the
work of Pauwels & Zhang (2015), Sacks et al. (2017),
Hagedorn & König (2020). BIM-kit has been de-
signed with the expectation that models have little
to no information outside of geometrical information.
Therefore, the power of BIM-kitis to support the en-
richment of the models with semantically meaningful
information, such as, for example, the evaluation of
interesting geometric relationships between model ob-
jects. Such relationships, e.g., alignment, distance in
different dimensions, etc, are useful to users explor-
ing the models through the editor, and necessary to
the model-checking service evaluating the rulesets to

which the model may adhere.
In BIM-kit, the Rule Management Service, the

Rule Editors and the Model Checking Service, pro-
vide a key functionality, essential for building-model
management, namely the definition of logical and
geometrical constraints and their validation against
building models. This set of tools, in effect, support
the specification of operational semantics behind the
model representation.

CONCLUSION

In this paper, we discussed our work on BIM-kit, a
set of tools supporting a number of reasoning tasks
about building models. The BIM-kit set of federated
tools relies on a central repository of building models,
represented in a well-defined modular and extendible
schema.

The BIM-kit schema covers the same information
as IFC but is fundamentally different from IFC be-
cause it is modular, i.e., it defines a set of simple,
highly cohesive classes, cross-referenced with each
other. The modular nature of building representa-
tion in BIM-kit supports the management of the over-
all consistency of the models: because the repository
contents are manipulated through well-defined APIs,
building models can be more easily shared across dif-
ferent tools. Also because of its modularity, the BIM-
kit schema supports extendibility. At the same time,
the BIM-kit model is compatible with IFC, in that
it can import a complete IFC model and create a
corresponding set cross-referenced objects, and it can
export an IFC model by collecting the relevant classes
corresponding to a single model.

The variety of tools we have developed around the
BIM-kit Repository constitutes strong and persuasive
evidence on the effectiveness of the underlying repre-
sentation. The six interactive and automated tools
around the BIM-kit Repository cover a wide range of
design activities, across the building lifecycle, from
interactive manipulation, to rule-based validation, to
automatic generation of design alternatives, to usage
simulation.
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ABSTRACT 

In construction tendering, the ability to successfully 

manage and capitalize technical knowledge is a 

competitive advantage for a general contractor. In this 

context, we present Con-Tend, a flexible, high-level 

ontology conceived to formalize information and 

knowledge produced in projects and tenders and make it 

reusable during tendering processes. The Con-Tend 

ontology is under development from a general contractor 

perspective and shows how linked data approaches can 

ensure homogenous, computable knowledge bases for 

powerful, data-driven strategies by a general contractor. 

 

INTRODUCTION 

The relevance of decisions support in construction 

tendering  

For a general contractor, tendering is a delicate phase, 

dense of critical multidisciplinary decisions and impactful 

for the following execution of the project (if awarded). 

Especially in large international projects, the offer 

includes large technical parts where the tendering 

Contractor is required to propose and assess construction 

methodologies, planning optimization, managing 

procedures and, in some cases, improvements to the 

design.  

The preparation of these proposals requires a major effort 

from the Contractor (or the Joint Venture) in terms of 

decisions making and assessment of different approaches, 

opportunities, risks. In this context, the capability of the 

general contractor to rely on previous data and knowledge 

relevant to the project is crucial for the successful 

tailoring of the proposal and the right estimation of the 

final bid. 

A key resource of the tendering action is the technical 

knowledge -  introduced, elaborated, and shared within 

the tendering team – and its efficient management can 

positively impact collaboration in the process and quality 

of the tendering proposal. 

In construction tenders, a competitive advantage is 

provided by the ability to effectively manage knowledge 

(Kivrak, Arslan, Dikmen, & Birgonul, 2008) - even when 

such a resource is not explicit but resides in the minds of 

involved specialists. A precise knowledge formalization 

is also important to prevent excessive use of tacit, 

personal knowledge from the different team members, 

avoiding bias or subjective judgement that can lead to 

unfair, incomplete and poorly constructed results (Sauter 

& Free, 2005). 

On these bases, this paper discusses the ongoing research 

aimed at developing a high-level ontology, named Con-

Tend, to formalize the technical knowledge that can drive 

or support decisions in construction tendering. 

In this research scope, the Con-Tend ontology 

development represents an exploratory experiment by a 

general contractor towards more extensive use of 

information ontologies as a way to drive technical 

knowledge formalization to capitalize data and 

experiences, improve solutions explorations and 

assessments, and increase the ability to operate in 

competitive scenarios. 

 

Knowledge management criticalities in the construc-

tion tendering process 

Tendering is a challenging activity for a general 

contractor, and the presence of different hindering factors 

highlight the necessity of a linked data approach that can 

support decisions. Time is undoubtedly one of the more 

hindering factors that affect the quality of the technical 

proposal of a tender. Usually, a short period is granted by 

the tenderer organization to develop and submit the 

proposal, and this forces the proposal team to try to access 

as much as possible construction data, from different 

sources, to act as a reference for new decisions.  

Specificity and uniqueness of construction projects is 

another hindering factor: differently from other industrial 

sectors, knowledge reuse is difficult because 

interpretative context may vary, reducing the reliability of 

previous data. Often, blind use of correct data from other 

projects can even hinder the tender assessment. 

Variation of the tender team is another obstacle to 

knowledge reuse: variations usually occur both in terms 

of companies involved in the tender (i.e. the partners of a 

Joint Venture) and within the same company in terms of 

specialists and people involved. In this case, it is 

particularly difficult to access tacit knowledge, usually 

provided by the main project leaders for each discipline. 

CON-TEND: AN ONTOLOGY FOR KNOWLEDGE REUSE 

IN CONSTRUCTION TENDERING  
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In large contractors’ operations, often data and knowledge 
are collected and used along large periods and it is 

difficult to avoid data and knowledge loss during the time, 

especially regarding tacit knowledge that often is held by 

people that may leave the contractor or retire. 

This brief description of some of the difficulties related to 

knowledge in tender activities shows how relevant is, for 

a contractor, to have nowadays some digital approaches, 

processes and tools to collect, structure and reuse 

knowledge for tendering purposes. 

KNOWLEDGE FORMALIZATION IN 

CONSTRUCTION TENDERING: A 

STATE OF THE ART 

Data re-use in tendering: limits of databases 

Data usually used as a reference in construction tenders is 

derived from a vast domain of sources, both internal or 

external to the general contractor organization, such as: 

• Previous projects (internal); 

• Lesson learned reports (internal); 

• Previous tenders’ estimations (internal); 
• Data provided by other JV members, sub-

contractors and suppliers (external); 

• Consultants and specialists (external); 

• Available literature, patents, methods (external); 

• Tacit knowledge of team members (internal); 

• Norms and regulations (external); 

• Client reference data (external); 

• Other sources (external). 

With the advent of digital approaches for data 

management in the AEC domain, the industry has shown 

a progressive transition from a document-based approach 

to data retrieval to the adoption of live databases to 

organize history and reference data.  

Because of the high competitiveness, each general 

contractor has investigated, conceived and developed its 

database structure, often encountering the same 

formalization issues and without metrics for its validation.  

Although databases for tender data retrieval have 

represented a great improvement if compared to the 

previous reliance on the tacit experience of specialists and 

organized documents, some of their limits have 

progressively emerged, leaving the aspect of knowledge 

reuse in tender phases still poorly supported by digital 

support systems.  

A first limit to the adoption of the database resides in their 

intrinsic complexity and difficulty in understanding its 

construction logic by a user that is different from its 

creators. The second limit is the rigidity of a database 

structure, based on primary and secondary keys, that 

limits data entries and impose several restrictions to 

ensure efficient information access and management 

(Martinez-Cruz et al., 2012). 

Relationships, that are crucial when formalizing complex 

knowledge as that re-used in construction tender 

decisions, are also quite limited in current databases 

structures: they ensure data integrity and allow the 

database normalization and scalability, but do not provide 

a sufficient interpretative context for a full comprehension 

of the data stored (Sir and Bradac, 2015). 

This introduces the main issue of the adoption of 

databases for the formalization of knowledge in 

construction tendering: the low level of semantics 

representation. While databases are good in ensuring the 

integrity of simple data with few relations to other entries, 

they are inadequate in representing more structured 

semantics, showing difficulties in providing useful 

knowledge regarding concepts, ideas, methodologies that 

require for their comprehension a more structured system 

of information (Simeone et Cursi, 2017).  

Also, after the initial conceptual definition of the database 

structure, the organization logic and approach are lost, 

limiting the following possibilities of evolution and 

making unclear its modelling principles. 

 

Linked data for knowledge representation in con-

struction 

With the progressive development of the semantic web, 

some research has been started investigating the 

possibilities of relying on a representation framework 

different from databases for construction data.  

Much effort has been particularly spent on investigating 

construction representation from a product perspective, 

interfacing BIM, IFC and information ontologies. Some 

research (Belsky and Sacks, 2016) explored the theme of 

interoperability through the development of new models 

and methods of representation and possible evolutions of  

IFC-based representation schemes to downsize the errors 

and reworks and improving efficiency and productivity in 

creating, using and reusing knowledge throughout a 

project lifecycle. 

More recently, the introduction of the Linked Data 

approach has shown the potentialities of the introduction 

of semantic web technologies to improve representation 

and information management in building information 

processes 

As well described by Pauwels (2013), the analogy 

between the representation schemes for the building (eg. 

IFC) and the description logic of semantic networks (RDF 

and OWL), has encouraged the creation of informative 

ontologies in the AEC sector, usually in combination with 

the IFC schemes and the Express rules, opening new 

possibilities for the semantic enrichment of BIM. 

In 2005, Beetz (Beetz et al., 2005) has introduced an 

embryonic version of the future IfcOWL, an ontology that 

can be considered the first step to extending the structured 

AEC information to the world of semantic ontologies. 

 In 2008 Jeong (Jeong, 2008) investigated the use of 

ontologies for semantic sharing in multidisciplinary 

design. In the same period, Carrara (Carrara et al., 2009) 

interprets the ontology as a way to move towards 

knowledge-based models to improve collaboration in the 
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AEC processes.  Integration between BIM and semantic 

web technologies is also at the core of the enrichment 

platform presented by Simeone and Cursi in 2017.  

Such approaches rely on the use of semantic networks, 

systems of concepts and logical relationships (usually 

represented in graphs as nodes and oriented arcs) to 

decompose and make computable knowledge in a certain 

domain (Gruber, 1993).  

Information Ontologies for construction tendering 

Although extremely relevant for the adoption of linked 

data in the AEC industry, the previously mentioned re-

search is only partially applicable to the scope of the ten-

dering phase because it essentially focuses on the product 

domain, while knowledge elaborated in construction ten-

ders usually involved a larger representation domain that 

includes construction planning, logistics, management, 

methodologies and so on.  

In the construction sector, ontologies adoption is related 

more to knowledge representation rather than reasoning 

and normally complemented by databases or artificial in-

telligence tools to be effective in supporting decisions in 

AEC processes (El-Diraby & Osman, 2011). 

The E-Cognos Project (Lima, 2004) is recognized as a 

leading research project that led to developing an open 

and flexible system that can encourage collaborative and 

coherent knowledge management in the construction sec-

tor and that can be a reference structure for proprietary 

tools that are easily accessible and suitable for the opera-

tional needs of end-users to allow the creation, capture, 

indexing, retrieval and dissemination of construction 

knowledge. Later, El Diraby et al. proposed its extension 

with the BCTaxo (El-Diraby & Zhang, 2006), shifting 

from the product-oriented taxonomy of the E-Cognos Pro-

ject to a process-oriented one. While the use of infor-

mation ontologies is now a consolidated practice in 

knowledge modeling for specific construction domains, 

the sector is facing an increasing and challenging demand 

of project-wide integration approaches for construction 

and infrastructure (Costin & Eastman, 2017), and for 

higher-level ontologies able to support multi-task holders 

project development processes, relying on integration and 

interoperability among existing formalization frame-

works. This requirement is even more important if we 

consider the perspective of a general contractor, used to 

face large complex projects where the specific domains 

views have to be accompanied by a higher control of the 

relevant project data and their integration. 

THE CON-TEND ONTOLOGY 

Development methodology 

As often happens in research related to information 

ontologies approaches in construction, the underlying 

methodology is essentially constructive (Lukka, 2003), 

relying on the prior research in knowledge representation 

in construction using information ontologies to solve the 

key problem of effective knowledge reuse and 

capitalization for contractor tendering activities, and 

resulting in both a practical solution (the knowledge-

based system to be adopted in the contractor tendering 

activities) and a theoretical contribution to the field (the 

Con-Tend ontology). It is also important to state that the 

proposed ontology framework relies upon and includes 

concepts and relationships developed in other ontologies 

described in the background section, rather than 

“reinventing the wheel” by recreating from zero a new 
ontology. Besides the impossibility of recreating from 

zero an ontology for such a vast knowledge domain, this 

choice allows reaching adequate flexibility in connecting 

to more detailed ontologies, usually discipline-specific, 

ensuring a good level of adherence to the evolution of 

technical knowledge in this field.  

As shown in figure 1, the first step in the Con-Tend 

Ontology development has been the definition of its scope 

and the identification of the different knowledge areas 

involved, based on the contractor necessities during 

tendering and its portfolio (both tenders and projects). 

Once the knowledge areas have been defined, in each 

domain some high-level ontologies have been developed 

and later integrated, also considering the potential 

connection with other existing ontologies. Eventually, the 

ontology is validated by its application to tender case 

studies (verifying its formalization capabilities) and by 

direct feedback from domain experts, to assess its 

coherence and consistency. 

 

 
Figure 1:The Con-Tend Ontology development methodology. 

 

The presented methodology is partially based on the 

methontology development processes (Gomez, 1996), 

although revised to suit the specific operative context of a 

general contractor. Although the used methodology can 
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be considered less rigorous than the ones usually available 

in the semantic web field, it allows to: 

1) Involve different specialists within the general 

contractor technical department, stimulating 

them in shaping the data model; 

2) Spread in the general contractor the culture of 

attention to data formalization and of re-usability 

of information.    

 

The Con_Tend ontology has been mainly developed in the 

ontology editor Protegé (version 5.5.0) (Musen, 2015) 

while OWLGrEd (Liepins, 2014) has been used for online 

visualization and sharing with the different technical 

specialists. 

Knowledge areas 

Looking into the contractor tendering portfolio and 

considering the knowledge shared and produced during 

the development of a technical offer, we identified three 

main areas -potentially incrementable and extendable – 

that embrace the high-priority technical knowledge and 

ensure the possibility to develop, within each of them, a 

dedicated ontology.  

The Project Framework Knowledge (PFK) includes all 

the information that is necessary to fully understand the 

context of each project as well as its major characteristics. 

Usually, contractors already store some of that knowledge 

in updated lists of tenders and projects, although without 

an actual formalization of classes and relationships. 

The Project Reference Knowledge (PRK) includes the 

information that is independent of the project but that can 

be referred to during the development of the technical 

offer. This area includes major expertise, norms, and 

those technical elements that can drive decisions. 

The Project Definition Knowledge (PDK) focuses on the 

actual representation of the project as well as the results 

of technical decisions, including all its physical 

components, intended or applied construction 

methodologies, construction and logistics measures, and 

so on.  

In our ontology development, these areas act as high-level 

knowledge containers that favour knowledge 

management and integration of existing ontologies 

(where applicable and necessary). For instance, within the 

Project Definition Knowledge, it is possible to adopt ifc-

owl ontology when dealing with physical components of 

the building or infrastructure, to ensure direct 

interoperability with building information models, while 

other discipline-specific ontologies can be applied in all 

the knowledge areas. This has two major advantages: 1) it 

allows to avoid the “reinventing of the wheel”, relying on 
already established definitions, relationships and so on, 

and 2) it makes immediately available a lot of knowledge 

formalized in public ontologies for many domains, 

reducing the big effort of populating the ontology, and this 

represents a major obstacle to DSS application in tender 

phases. 

To interrelate these major classes we introduced three 

major intra-areas relationships that have the scope of 

organizing all those more detailed relationships that occur 

to provide cross-references among these three knowledge 

worlds. Those relationships are (fig. 2): 

• refers_to (Project_Definition entities -> 

Project_Reference entities); 

• placed_in (Project_Definition entities -> 

Project_Framework entities); 

• involves_in_the_scope (Project_Framework entities -

> Project_Reference entities).  

 

For instance, at a very high level, a Road (PDK) is 

placed_in  UK (PFK) and has as client Highway_England 

(PFK). Client and Country (both PFK) 

involves_in_the_scope HE_norms (PRK). Then, Bridge 

refers_to HE_Norms. 

This small example shows how these high-level classes 

and relationships, even if extremely general, not only act 

as references to start organizing knowledge elements but 

also provide context for interpretation of decisions 

performed during the project. 

Project Framework Knowledge 

In an international general contractor environment, a draft 

ontology is often implicitly available in simple databases 

(or at least project lists), providing a general overview of 

the projects and tenders portfolio. Nevertheless, the 

process of depicting a clear formalization of the concepts 

and their relationships and properties highlight patterns 

and hierarchies of the project context,  improving its full 

comprehension. Among the others, some of the classes 

implemented in this knowledge area are: 

• Project: qualifies, within the contractor 

operation, the project in terms of three subclasses: Pre-

qualification, Tender and Construction_project. Each 

project has a set of data properties that express features of 

the instance such as project-code, year, if awarded, cost, 

etc. 

• Procurement_route: qualifies the typology of 

procurement intended for the project, such as 

design&build, design-bid-build, design-build-operate, 

etc.  

Figure 2: The high level classes and their intra-relationships: 

[Project_Definition], [Project_Reference], [Project_Frame-

work] as children of Tender Data Model. 
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• Business_sectors: for a general contractor that 

acts at the international level, it is important to define the 

scope of action of each tender following its main business 

sectors. Main business sectors include Buildings, 

Hydroeletric&Dams, Motorways&roads, 

Railways&metros. Subclasses are then used to further 

depict the specific business sectors. 

• Country: this class support the identification of 

the geographical context of the tender project. This is 

particularly relevant to assess decisions on construction 

methodologies or logistics following actual national and 

continental context. 

• Actors: The actors class is intended to formalize 

the different stakeholders involved in the project. In this 

phase, we recognized a simplified scenario where actors 

are divided into JV_members, Client_team_member and 

External_administration. Multiple subclasses are then 

conceived to indicate specific roles in the project.  

Project Definition Knowledge 

The Project- Definition Knowledge domain includes all 

relevant information and the technical decisions that are 

made within the tender activities for a project. Following 

the main disciplines and team involved, we categorized 

the knowledge related to the area in the following macro-

classes:  

• Issues: representation of issues related to 

construction, is beneficial for knowledge re-use if 

considered as a dynamic part of the semantic network. By 

controlling relationships between issues and project-

dependent contents it is possible to better understand or 

clarify decisions.  

• Constraints: similarly to issues, also a 

description of the constraints of a project clarify the 

motivations behind decisions. Constraints related to 

different aspects such as context or production play a key 

role in the definition of the key_performance_indicators 

of a project. 

• Construction_methods: the topic of construction 

methods is one of the most relevant aspects to be carefully 

tailored during tender development. In this class, different 

sub-classes are indicated for the main typologies of 

methods used for the different work classes such as 

excavation, concrete structures, tunnels excavation 

methods, etc. 

•  Work_typology: in the projects portfolio of an 

international general contractor, often a single project 

includes several work typologies that should be faced with 

a combination of construction methodologies. For 

instance, road projects can imply viaducts parts, at-grade 

parts and different typologies of tunnels. In this initial 

ontology, a categorization of different work typologies 

has been included as subclasses of this domain.  

• Logistics: this class includes the concepts and 

entities related to the logistics and all the site elements 

necessary for the completion of the project. Main sub-

classes include site_installations (offices, gates, fences, 

site networks, machinery, etc.), concepts of materials 

supplies such as access_roads, temporary_roads, 

Figure 3: A part of the Project Framework Knowledge Ontology. 
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querries, production_sites, etc., and 

transportation_vehicles. 

In the PDK, for the part regarding the subject of the 

project (meant as the building or the infrastructure and its 

parts), we chose to adopt a two-level approach: a higher-

level representation has been conceived using concepts 

such as Works or WBS to formalize major parts of the 

project, while for a more granular and detailed 

representation of the design ifc-owl classes have been 

used. The IfcElement class (and its subclasses such as 

IfcBuildingElement, IfcCivilElement, etc.) are replicated 

in the Con-Tend ontology and some relationships – i.e. 

part_of – may connect them to high-level concepts. We 

also conceived a specific set of relationships, defined 

onto_bridge, to connect concepts between different 

ontologies and express the meaning of those relationships 

(such as same_as, domain-oriented_specification_of). 

A specific object property –  ontosource - has also been 

introduced to depict entities replicated from other 

ontologies. 

 The choice between the use of onto_bridge relationships 

and ontosource property essentially depends on the actual 

necessity of relying on an entire domain-specific ontology 

or just refer to a selected set of concepts from it. As a 

matter of fact, “pruning” criteria represent an open issue 
of the majority of knowledge bases and, at least for the 

moment, we chose to keep it flexible to fulfil the 

knowledge requirements of the tendering processes. 

  

Project Reference Knowledge  

As previously, described, the PRK aims at formalizing ex-

ternal knowledge, provided by different sources, that 

influences and act as a reference for different decisions 

during the construction tendering activities. This domain 

is probably the most open of the three major areas 

previously presented since it extends to potentially 

include all the reference knowledge necessary for each 

project, also by the specificity of each project. Among the 

different classes that compose this domain, we can 

mention some of the most meaningful: 

• Reference_data: this class organizes knowledge 

related to aspects given as a reference for tender 

decisions in different sub-classes such as re-

quirements, planning_parameters, produc-

tion_indexes, performance_indicators and so on. 

• Norms&regulations: many constraints that have 

to be considered in a project related to the pres-

ence of norms, regulations and similar elements 

of control of the construction and its impacts.  

• Protocols: this class formalizes the different pro-

tocols that can be applied to a project for the dif-

ferent aspects. For instance, all the projects con-

sidered specifically referred to as Environ-

ment_protocols, Labour_protocols, etc. 

• Good_practices: rules for execution of works are 

often formalized in external sources such as 

books, manuals, patents, etc. reference to those 

information carriers should be made clear for a 

better comprehension of the adopted or dis-

carded methodologies. 

• Materials_data: information about materials and 

their features can be both project-dependent and 

project-independent. For the latter, we consid-

ered those values that can be considered as fixed 

and reference for all the projects. 

• Machineries_data: features of machinery are of-

ten provided by suppliers and vendors. That in-

formation can be assumed as independent from 

the project and help in the homogenization of 

different knowledge elements such as produc-

tions, efficiencies, maintenance requirements 

etc. 

 

Con-Tend implementation and testing 
 

Once the Con-Tend ontology reached a sufficient level of 

definition, and after some coherence testing performed 

using a reasoner in the Protegé environment, we started 

the process of testing the ontology in some real 

construction tenders with the intent of 1) progressively 

refine the ontology and 2) assess potentials and limits of 

its application, even by receiving direct feedback from the 

different specialists involved in the tendering activities. 

Some of the initial tests implied the direct modeling of 

knowledge related to case studies directly as a semantic 

network of individuals in the ontology editor, with the 

objective of immediately calibrate the ontology even by 

performing consistency checking through built-in 

reasoners. As shown in figure 4, this approach is 

particularly useful during the ontology development and 

allow to correlate specific project decisions (in this case 

the adoption of a Slurry Shield TBM) with parts of the 

project (Adit Tunnel) as a consequence of the presence of 

an issue (non-cohesive soil). Although this example can 

be considered simple, it is clear how it improves 

comprehension of the technical decisions, providing (and 

formalizing) not only the result of the decision but also 

the informative context necessary for its full 

understanding. By horizontally applying this ontology to 

multiple projects, it is possible to collect and map several 

solutions and, at the same time, allow different actors to 

access previous projects knowledge and capitalize it in 

new tenders. 

In a second phase (still in progress), we decided to test 

graph databases as a way to formalize knowledge more 

extensively in projects and tenders. In this 

experimentation, the Con-Tend ontology acts as a data 

model for the project graph, providing a reference set of 

classes, attributes and relationships to adopt to make 

algorithms and rules applicable in the knowledge base of 

the project.  Currently, our experiments are running 

through the Neo4J platform [neo4j.com] integrated with 

Bloom visualization tool to share the graph DB with other 

actors in the tendering process. 

In the use of graph databases as a formalization 

methodology for the project knowledge, we are 
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discovering some advantages such as flexibility and 

actors’ involvement. Graph databases allow for 

customization of the database by addition of new classes, 

attributes and properties, introducing new knowledge 

elements that are necessary for the full comprehension of 

the technical decisions even if those are not yet considered 

in the reference ontology. 

The second aspect is related to the accessibility of 

knowledge by the different actors involved in the project. 

Combining a visualization tool and natural language 

processing it is possible to actively involve technical 

specialists in the knowledge base development, allowing 

them to successfully and easily retrieve information 

during the technical offer development. 

 

CONCLUSIONS 

This paper has presented the ongoing development of the 

Con-Tend ontology, a structured formalization of 

knowledge produced and shared in construction tendering 

for a general contractor. The objective of the Con_Tend 

ontology is to organize and support the capitalization of 

knowledge produced by contractor’s teams during the 

development of technical offers and projects, favouring its 

potential re-use in new projects and tenders. Technical 

data, information and knowledge can play a decisive role 

in highly competitive contexts such as construction 

tendering, and their reliability may affect successfulness 

and profitability of a project.  

The Con_Tend ontology is the first that is conceived from 

a general contractor perspective and, although still under 

definition, it shows great potentials in supporting 

decisions in tendering processes, allowing solutions 

explorations and increasing contractor competitiveness. 

Although the Con-Tend ontology still presents some 

criticalities and ambiguities in some areas, and it still 

works at a high level of definition, its progressive 

adoption is already demonstrating how linked data 

approaches can be the right path to follow to manage the 

complexity of technical knowledge produced in a 

contractor portfolio.  

Also, the graph database technology is emerging as a way 

to implement a general contractor knowledge base and,  

primarily, to collect information during the tender 

processes.  

To improve the efficacy of the Con-Tend ontology, 

refinement activities are still necessary, focusing in 

particular on the integration with other existing, domain-

specific ontologies.  

In particular, after the initial conceptual model definition, 

current research activities are focusing on cataloguing and 

assess existing ontologies, for selected domains, that 

could be integrated or used to refine definitions and data 

structure. 

To conclude, it is important to state that the Con-Tend 

ontology – and the derived knowledge base – fulfils only 

part of the information necessities of a general contractor 

during tendering activities; a Decision Support System, 

able to select, elaborate and quickly suggest decisions to 

the technical teams may be further investigated to enhance 

the shifting towards fully data-driven tendering processes. 

 

Figure 4: Con-Tend ontology testing in tendering decisions formalization such as the selection of a Tunnel Boring Machine due to 

context and soil nature. 
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ABSTRACT

Digitalisation within the facilities management (FM)
sector has great potential to positively impact the
environmental performance of the architecture, engi-
neering, construction and operations (AECO) indus-
try. Currently, the domain suffers from poor data in-
tegration with other disciplines and earlier life-cycle
phases. Though solutions which address the inter-
operability issue are replete in the literature, there
remains no comprehensive alignment. This domain
review paper synthesises the key literature around
digitalisation within FM. In doing so, it outlines
a broader working definition of FM, identifies key
subtopics and gaps in knowledge and recommends a
direction for future research contributions.

INTRODUCTION

According to the International Energy Agency’s
Global Status Report (2017), buildings and con-
struction together account for around 40% of an-
thropogenic carbon dioxide (CO2) emissions. These
greenhouse gases are having a warming effect and
causing the Earth’s climate to change to the detri-
ment of society (Intergovernmental Panel on Climate
Change 2018).

In recent years it has become broadly understood
that in order to more accurately account for finan-
cial and environmental impacts of a building project,
a whole life view should be taken, referred to as the
life-cycle cost (Kale et al. 2016). Until recently the fo-
cus has been on reducing these costs primarily during
design and construction (Krstić & Marenjak 2012),
however, given that around 70% of the costs are in-
curred during the operation and maintenance (O&M)
phase of a buildings life-cycle (Geekiyanage & Ra-
machandra 2018), the focus is broadly shifting. An
example of this thinking can be seen in the struc-
ture of public-private partnerships (PPP) whereby
the contract for O&M of the asset incentivises con-
sideration of this whole life cost perspective during
design (Atkin & Brooks 2015). Geekiyanage & Ra-
machandra (2018) discuss the significant factors in-
fluencing O&M costs, concluding that the greatest
influence can be had in the design stage. This was
demonstrated by Kohler & Moffatt (2003) who first

mapped the stages of a construction project against
the familiar graph of diminishing influence on cost
over time (Figure 1) from project management the-
ory.

Figure 1: Phases of a building project and the diminishing
influence on cost over time (Kohler & Moffatt 2003)

With the increasing complexity of systems within
buildings and infrastructure, as well as a trend to-
wards the outsourcing of non-core business activi-
ties by organisations, facilities management (FM),
only emerging as a formal profession since around
the 1960s, is rapidly gaining significance (Sari 2018).
In the words of the International Facilities Manage-
ment Association (2021), FM is a profession which
“encompasses multiple disciplines to ensure function-
ality, comfort, safety and efficiency of the built en-
vironment by integrating people, place, process and
technology”. Despite this ambitious mandate, a reg-
ularly cited report by the National Institute of Stan-

dards and Technology of productivity within the fa-
cilities management profession found that two-thirds
of waste in the sector could be associated with vari-
ous degrees of manually retrieving information from
poorly managed sources (Gallaher et al. 2004).

It is widely recognised that the construction in-
dustry and built environment in general are under-
going a digital transformation from physical docu-
ment based workflows to digital information based,
data driven decision making. Investigating digital
disruption within the AECO industry, Lavikka et al.
(2018) explain that digitalisation “enables collabo-
rative value creation through new forms of interac-
tion, improved information sharing and transparency
among stakeholders”. Of particular significance has
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been the development of building information mod-
elling (BIM) technology and processes which enable
the digital, object-oriented modelling of construction
activities and products (Sacks et al. 2018). These dig-
ital prototypes may be analysed in various ways to
more effectively communicate design intent and re-
solve interdisciplinary conflicts; the process of clash
detection, for example, having been shown to reduce
errors during construction (Wong et al. 2018, Love
et al. 2011). However, Edirisinghe et al. (2017) ex-
plain that although BIM is now widely adopted dur-
ing the design and construction phases, uptake has
been limited among professionals involved in operat-
ing and maintaining (O&M) built assets, with, ac-
cording to Gnanarednam & Jayasena (2013), com-
puter aided facilities management (CAFM) processes
still based largely on conventional information tech-
nology (IT) methods such as tabulated data and 2D
drawings.

Given the importance of a whole-life focus, as
discussed above, it appears that considerable value
may be gained by improving and expanding digitali-
sation efforts during this later life-cycle phase. Indeed
much attention can be seen in this direction over the
past decade, both academia and industry showing in-
creasing interest, as reflected in the work of Matarneh
et al. (2019) which reports significant growth in the
number of publications featuring both the keywords
“BIM” and “FM” in their abstract (Figure 2).

Figure 2: BIM for FM articles published over the last decade
(Matarneh et al. 2019)

Unsurprisingly, given the global focus on environmen-
tal sustainability in recent years, the greatest con-
centration of BIM for FM research focuses on en-

ergy management, while information exchange is seen as
the greatest challenge to the sector (Gao & Pishdad-
Bozorgi 2019). This is because FM services rely
largely on information inherited from other disci-
plines further back along the project life-cycle as well
as operational data collected during use.

Many bespoke, standalone and proprietary solu-
tions have been proposed and developed which par-
tially solve these information gaps, however, due in
large part to the fragmented nature of the industry as
well as the loose definition of the FM domain, there

remains a lack of consensus among academics and
practitioners concerning the best approach for suc-
cessful and practical information exchange between
BIM and FM systems (Matarneh et al. 2019).

So far we have identified digitalisation as being
a key enabler of efficiency within the FM domain,
while BIM may provide a centralised repository of
multidisciplinary data for use by project stakeholders.
Despite this, and according to the authors discussed,
data interoperability remains a significant challenge
in the effective digitalisation of FM services.

Within this context, this paper aims to firstly
outline a working definition and scope for the facil-
ities management domain within which we may ori-
entate the work and identify key related topics and
literature. The paper will then synthesise this body
of literature, identifying gaps in knowledge as well as
promising developments which address domain chal-
lenges. Finally, potential contributions will be pro-
posed in the context of a future research project
where, ultimately, we wish to facilitate greater en-
vironmental efficiency, and to do so for as wide a
group as possible within the broad spectrum of those
operating and maintaining built assets.

DOMAIN DEFINITION AND SCOPE

The emergence of FM as a formal profession

According to Atkin & Brooks (2015) the origins of
FM can be traced to the American railroad compa-
nies sometime in the 1800s, where the evolving util-
ity began to be thought of rather as a facility than
as its comprised buildings and tracks, though it is
not until the middle of the last century we see the
term actually used. Broadly it can be seen as a de-
velopment of the role of building maintenance man-
agement, though importantly has evolved to encom-
pass the “softer side of an organization’s support ser-
vices” (Atkin & Brooks 2015). Today, the industry
is growing rapidly with an increasing trend towards
outsourcing of non-core activities (McKinsey & Com-
pany 2019), particularly with the aforementioned life-
cycle view taking precedence and a redoubling of fo-
cus on energy efficiency, reflecting perhaps growing
acceptance of climate science (Pew Research Center
2019).

This formalisation has led to the establishments
of professional institutions around the world as well
as international standards for the FM domain includ-
ing ISO 41001:2018 (Facility Management - Manage-
ment systems) and the ISO 19650 series (the recent
Part 3: Operational phase of the asset geared specifically
towards FM practitioners). Among other benefits, in-
ternational standardisation reduces the need for cus-
tomisation between projects and societies by serving
as a common language which defines standardised re-
quirements and can streamline data exchange (Gao &
Pishdad-Bozorgi 2019). However, despite the estab-
lishment of certain conventions by ISO and others,
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literature. The paper will then synthesise this body
of literature, identifying gaps in knowledge as well as
promising developments which address domain chal-
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where, ultimately, we wish to facilitate greater en-
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According to Atkin & Brooks (2015) the origins of
FM can be traced to the American railroad compa-
nies sometime in the 1800s, where the evolving util-
ity began to be thought of rather as a than
as its comprised buildings and tracks, though it is
not until the middle of the last century we see the
term actually used. Broadly it can be seen as a de-
velopment of the role of building maintenance man-
agement, though importantly has evolved to encom-
pass the “ side of an organization’s support ser-
vices” (Atkin & Brooks 2015). Today, the industry
is growing rapidly with an increasing trend towards
outsourcing of non-core activities (McKinsey & Com-
pany 2019), particularly with the aforementioned life-
cycle view taking precedence and a redoubling of fo-
cus on energy efficiency, reflecting perhaps growing
acceptance of climate science (Pew Research Center
2019).

This formalisation has led to the establishments
of professional institutions around the world as well
as international standards for the FM domain includ-
ing ISO 41001:2018 (Facility Management - Manage-
ment systems) and the ISO 19650 series (the recent

geared specifically
towards FM practitioners). Among other benefits, in-
ternational standardisation reduces the need for cus-
tomisation between projects and societies by serving
as a common language which defines standardised re-
quirements and can streamline data exchange (Gao &
Pishdad-Bozorgi 2019). However, despite the estab-
lishment of certain conventions by ISO and others,

the definition of effective exchange requirements re-
mains incomplete, as will be discussed throughout.

Defining a working definition of FM

Reflecting the broad scope and case specificity of
the evolving domain, varying definitions are provided
in the literature, the subject itself having become
the focus of multiple academic studies including the
work of Tay & Ooi (2001) and Nor & Azman (2014).
The International Organization for Standardization
(41011:2017 FM - Vocabulary) defines facilities man-
agement as an “organizational function which inte-
grates people, place and process within the built en-
vironment with the purpose of improving the quality
of life of people and the productivity of the core busi-
ness”. The International Facilities Management As-
sociation (2021) provide a similar definition adding
that such organisations, by nature, are composed of
multiple disciplines. In the words of Nor & Azman
(2014) “it remains a contentious issue and definitions
depend on the local culture, organization’s interest
and people’s personal interest”.

With this in mind, and with general consensus
at least in principle, the definition which best encom-
passes the objectives of this review is provided by
Barrett & Baldry (2003) who define FM as “an inte-
grated approach to operating, maintaining, improv-
ing and adapting the buildings and infrastructure of
an organization in order to create an environment
that strongly supports the primary objectives of that
organization”. The reason for selecting this definition
being that it abstracts away from the majority of in-
terpretations which put a focus on FM services sup-
porting the core-business of organisations, allowing us
to take a broader view to include non-commercial or
informal O&M activities.

The diversity of FM services

As we’ve seen in the divergence of opinions in defin-
ing the domain, the diversity of activities which may
be encompassed by an FM service is extensive. The
following non-exhaustive list, adapted from Gao &
Pishdad-Bozorgi (2019), provides a general picture of
the range of activities for which FM may be respon-
sible within an organisation.

• maintenance, repair and renovation
• energy management / energy planning
• security
• health and safety / fire safety
• cleaning and waste management
• IT management
• catering
• outsourcing / supply chain management

Ultimately it is case specific and, as stated above, will
include activities which support the objectives of that
organisation; but this diversity of competences offers
an indication of the reason standardisation poses such
a challenge particularly within this domain.

Data requirements for managing a built asset

FM data may include anything from building plans,
to time-series sensor data, or from archival energy me-
tre readings to occupancy information for fire safety.
As in the case of possible FM activities, the list is
theoretically endless. Something that can be com-
prehensively agreed by academics and practitioners
is that effective O&M is reliant on well organised,
good quality and validated data. Furthermore, as
discussed previously, a significant proportion of this
information is inherited from other disciplines, from
earlier phases of the project life-cycle, and often with
little or no consultation on the part of the end user.

From an industry practitioners’ perspective 85%
of FM teams surveyed in a study by Liu & Issa (2013)
considered the information they had received from
earlier phases to be inadequate for effective O&M. A
number of strategies have emerged which address this
issue of providing useful FM data. The Construction
Operations Building information exchange (COBie)
standard, developed in recent years, has been widely
lauded as the solution. It organises asset informa-
tion data, collected throughout design and construc-
tion, into standardised tabular form to be conveyed to
CAFM systems. Yet according to Pärn et al. (2017)
“whilst some academics expound the virtues of CO-
Bie, anecdotal evidence suggests that this one shoe

fits all approach is not well received by practitioners –
indeed, the general consensus appears to suggest that
there is little value in collecting data for the sake of
such”. Rogage & Greenwood (2020) suggest an alter-
native to bypass COBie, however maintaining consis-
tency with the data, though technical in nature, is
found to be significantly undermined by variation in
practitioner approach, as well as human error.

Another challenge during O&M is the integra-
tion of disparate data types from mechanical, electri-
cal and plumbing systems, again, the FM team often
familiarising with the situation post occupancy. The
development of building automation system (BAS)
protocols which integrate smart devices, establishing
an internet of things (IoT) with BIM as a data repos-
itory, is another area receiving much attention in the
literature as reflected in the domain review by Tang
et al. (2019).

RESEARCH OUTLOOK

This section examines firstly the landscape of the
state of the art in digitalisation within the FM do-
main. It focuses particularly on domain reviews, sum-
marising areas which are receiving much academic at-
tention and identifying others which are covered less
thoroughly. It then focuses on particular challenges
faced by current researchers and describes promis-
ing developments within these areas in the interest
of identifying gaps in knowledge and opportunities
for future contributions.
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Current research landscape

In their analysis of AECO publications based on a
parametric search of the keywords “BIM” and “FM”,
Yalcinkaya & Singh (2014) identify the generic term
“information exchange” as the single greatest com-
mon topic of interest. This assertion is more re-
cently confirmed by Matarneh et al. (2019) using
a similar keyword clustering approach, resulting in
the synonymous “information management” which in
their study included “information exchange” in the
grouping process. More specifically, Gao & Pishdad-
Bozorgi (2019) identify the nature of said “informa-
tion” which is of greatest interest among researchers
as that relating to “energy management”.

This finding aligns with recent proliferation in use
of the term “Digital Twin”, a topic which has become
perhaps the most significant buzzword in academic
and popular literature since ”BIM” itself around a
decade ago (and leading to similar contention as de-
bate continues over an absolute definition). Regu-
larly misappropriated as being synonymous with ”3D
building models” (Sacks et al. 2020), a key charac-
teristic agreed by authorities on the subject is that a
Digital Twin must incorporate a live stream of data
between the physical and digital representation of the
asset (Rosen et al. 2015).

A domain review by Fuller et al. (2020) attests
to the upsurge in interest from academia and indus-
try alike in recent years. Receiving attention from
almost all sectors of the built environment, the topic
has become an important area of focus, particularly
for the FM domain, the utilisation of the technology
being restricted to the O&M phase (Khajavi et al.
2019). With this primary focus on information and
data flow there is a growing trend towards the ex-
ploration and application of traditionally computer
science related topics as the domain strives to bridge
the digital divide between itself and the cyber and
physical worlds of other actors.

The authors are in agreement on the prevalence of
“maintenance and repair” generally as a topic within
the FM literature, however cited sources diverge sig-
nificantly in reporting on research around “health
and safety management”, Gao & Pishdad-Bozorgi
(2019) reporting growing interest while Matarneh
et al. (2019) communicate stagnation on the topic.
The following is a non-exhaustive list of other areas
of note within the FM research, for which interest
remains limited. These include:

• standardisation and domain definition;
• engagement of FM in early design;
• security and emergency management;
• education and training of FM professionals; and
• renovation and retrofit.

Having previously identified the growing focus on en-
ergy efficiency, and given that our existing build-
ing stock performs so poorly in this regard leading

to widespread policy moves towards extensive deep
retrofit (UN Environment and International Energy
Agency 2017) it would seem counter-intuitive that the
topic of renovation should receive such limited atten-
tion, however it is not wholly unexpected. A similar
phenomenon may be observed throughout the AECO
literature more broadly, Volk et al. (2014) illustrating
the rationale for research to focus on “recently com-
pleted buildings with a BIM at hand rather than on
existing buildings without a BIM”.

There are however, two areas within the litera-
ture where retrofit features as a subtopic. Firstly,
and almost in direct response to the trend described
above, with regard to data capture. Research in this
direction tends to focus on investigating the benefits
and limitations of using different techniques to de-
velop as-built geometrical models (Matarneh et al.
2019) as opposed to expounding fundamentally on
the renovation topic itself. Secondly, in connection
with work around energy performance and simulation,
often in comparing retrofit alternatives. Given the
above, it would appear there is a growing need for
research in this area, particularly with regard to the
role of FM, who are tasked with operating buildings
in an energy efficient manner. However, there exists a
clear disincentive to embark on the complex topic as
a researcher, that is the inherent absence of available
models describing the existing situation.

Challenge in defining and standardising the domain

As discussed previously, the industry has yet to ar-
rive at an agreed definition of the FM domain. We
have also seen the diversity in activities and result-
ing information requirement which may fall within
the FM remit. And though various international and
industry standards have been established to guide as-
pects of the domain, Pärn et al. (2017) providing a
useful timeline of BIM-FM standardisation (predates
the ISO 19650 series), the organisation specificity and
diversity within the field makes an all-encompassing,
yet not over-general, standard challenging (Gao &
Pishdad-Bozorgi 2019). Yalcinkaya & Singh (2014)
suggest that a more appropriate focus may be to de-
velop an understanding of the unique dynamics of
organisations. They suggest an Agile approach to
technology adoption on an as-required basis, rather
than fitting organisational FM processes to an ever
changing technology landscape which would result in
a “continuous effort of adaptation”.

What has been well defined recently in interna-
tional standards is guidance on the contractual or-
ganisation of project teams, including FM teams,
in the ISO 19650 series. The set of documents es-
tablishes roles to be used in procurement contracts
such as: “appointing party” (meaning the employer),
“appointed parties” (meaning contractors) as well as
defining terms such as “project information model”
(PIM) and “asset information model” (AIM) and
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In their analysis of AECO publications based on a
parametric search of the keywords “BIM” and “FM”,
Yalcinkaya & Singh (2014) identify the generic term
“information exchange” as the single greatest com-
mon topic of interest. This assertion is more re-
cently confirmed by Matarneh et al. (2019) using
a similar approach, resulting in
the synonymous “information management” which in
their study included “information exchange” in the
grouping process. More specifically, Gao & Pishdad-
Bozorgi (2019) identify the of said “informa-
tion” which is of greatest interest among researchers
as that relating to “energy management”.

This finding aligns with recent proliferation in use
of the term “Digital Twin”, a topic which has become
perhaps the most significant buzzword in academic
and popular literature since ”BIM” itself around a
decade ago (and leading to similar contention as de-
bate continues over an absolute definition). Regu-
larly misappropriated as being synonymous with ”3D
building models” (Sacks et al. 2020), a key charac-
teristic agreed by authorities on the subject is that a
Digital Twin must incorporate a live stream of data
between the physical and digital representation of the
asset (Rosen et al. 2015).

A domain review by Fuller et al. (2020) attests
to the upsurge in interest from academia and indus-
try alike in recent years. Receiving attention from
almost all sectors of the built environment, the topic
has become an important area of focus, particularly
for the FM domain, the utilisation of the technology
being restricted to the O&M phase (Khajavi et al.
2019). With this primary focus on information and
data flow there is a growing trend towards the ex-
ploration and application of traditionally computer
science related topics as the domain strives to bridge
the digital divide between itself and the cyber and
physical worlds of other actors.

The authors are in agreement on the prevalence of
“maintenance and repair” generally as a topic within
the FM literature, however cited sources diverge sig-
nificantly in reporting on research around “health
and safety management”, Gao & Pishdad-Bozorgi
(2019) reporting growing interest while Matarneh
et al. (2019) communicate stagnation on the topic.
The following is a non-exhaustive list of other areas
of note within the FM research, for which interest
remains limited. These include:

standardisation and domain definition;
engagement of FM in early design;
security and emergency management;
education and training of FM professionals; and
renovation and retrofit.

Having previously identified the growing focus on en-
ergy efficiency, and given that our existing build-
ing stock performs so poorly in this regard leading

to widespread policy moves towards extensive deep
retrofit (UN Environment and International Energy
Agency 2017) it would seem counter-intuitive that the
topic of renovation should receive such limited atten-
tion, however it is not wholly unexpected. A similar
phenomenon may be observed throughout the AECO
literature more broadly, Volk et al. (2014) illustrating
the rationale for research to focus on “recently com-
pleted buildings with a BIM at hand rather than on
existing buildings without a BIM”.

There are however, two areas within the litera-
ture where retrofit features as a subtopic. Firstly,
and almost in direct response to the trend described
above, with regard to . Research in this
direction tends to focus on investigating the benefits
and limitations of using different techniques to de-
velop as-built geometrical models (Matarneh et al.
2019) as opposed to expounding fundamentally on
the renovation topic itself. Secondly, in connection
with work around ,
often in comparing retrofit alternatives. Given the
above, it would appear there is a growing need for
research in this area, particularly with regard to the
role of FM, who are tasked with operating buildings
in an energy efficient manner. However, there exists a
clear disincentive to embark on the complex topic as
a researcher, that is the inherent absence of available
models describing the existing situation.

As discussed previously, the industry has yet to ar-
rive at an agreed definition of the FM domain. We
have also seen the diversity in activities and result-
ing information requirement which may fall within
the FM remit. And though various international and
industry standards have been established to guide as-
pects of the domain, Pärn et al. (2017) providing a
useful timeline of BIM-FM standardisation (predates
the ISO 19650 series), the organisation specificity and
diversity within the field makes an all-encompassing,
yet not over-general, standard challenging (Gao &
Pishdad-Bozorgi 2019). Yalcinkaya & Singh (2014)
suggest that a more appropriate focus may be to de-
velop an understanding of the unique dynamics of
organisations. They suggest an approach to
technology adoption on an basis, rather
than fitting organisational FM processes to an ever
changing technology landscape which would result in
a “continuous effort of adaptation”.

What been well defined recently in interna-
tional standards is guidance on the contractual or-
ganisation of project teams, including FM teams,
in the ISO 19650 series. The set of documents es-
tablishes roles to be used in procurement contracts
such as: “appointing party” (meaning the employer),
“appointed parties” (meaning contractors) as well as
defining terms such as “project information model”
(PIM) and “asset information model” (AIM) and

specifying at which stage of a project each is to be
used. Consensus on such definitions is helpful in areas
such as: establishing claims to intellectual property,
enabling access to common data environments and clar-
ifying legal obligations and organisational hierarchies
(UK BIM Alliance 2020).

Furthermore, the ISO 19650 series establishes a
requirement for delivering project information in the
open data format Industry Foundation Class (IFC).
This standard (as defined in ISO 16739), developed
by BuildingSMART International along with a wide
consortium of industry, academic and intergovern-
mental stakeholders, aims to ensure the sustainabil-
ity and transparency of built environment informa-
tion by ensuring delivery in a non-proprietary, com-
mercially neutral format (buildingSMART 2020). Al-
though this does much for facilitating equity in partic-
ipation and simplifying contract deliverables, steady
bidirectional exchange is not consistent between soft-
ware packages. According to Huahui & Deng (2018)
this derives from “differences in domain knowledge”
and is because “software tools have diverse meth-
ods to represent the same geometry, properties and
relations”, the cause due to erroneous semantic in-
terpretations. This is a challenge which is increas-
ingly being approached using computer science based
methodologies.

Challenge in data acquisition and interoperability

Sacks et al. (2018) explain that construction projects
require intense collaboration between large groups of
independent stakeholders, each generating informa-
tion about the product and the process, typically
using different digital tools with multiple data for-
mats which are generally incompatible. Both the in-
dustry and academic literature are replete with so-
lutions which address this interoperability challenge
from various angles, but as Dimyadi et al. (2016) ex-
plain, “none has yet evolved into a practical solution”.
One reason that endeavours up to now have been un-
successful, they suggest, is that “they have all been
isolated attempts which lack any form of industry-
wide standardisation”, leading the authors to focus
on the use of the open format IFC, as discussed above.
Their proposed solution, however, follows a relatively
recent trend in this area of development towards com-
puter science based methodologies, namely cloud en-
abled Semantic Web technologies. These are identi-
fied by Santos et al. (2017) in their extensive BIM
domain review, as both an emerging topic and as
having significant potential, due to their suitability
to decentralised contexts.

Niknam & Karshenas (2017) explain that “the
Semantic Web is designed to solve the information
integration problem by creating a web of structured
and connected data that can be processed by ma-
chines. It allows for combining information from dif-
ferent sources with different underlying schemas dis-

tributed over the Internet”. In other words, informa-
tion is stored once only, where it is generated, and ac-
cess is provided via a unique web address, or uniform

resource identifiers (URI). In addressing the interoper-
ability challenge Pauwels et al. (2017) illustrate that
“with the Semantic Web and Linked Data efforts [...]
the building domain has the opportunity to address
these needs using established technologies”, highlight-
ing a crucial aspect of any general approach, making
use of available technology to enable the widest pos-
sible adoption.

However, as authorities on the subject with their
seminal review Semantic Web Technologies in AEC in-

dustry: A Literature Overview, Pauwels, Zhang & Lee
(2017) also recognise that there is yet to be a single
solution proposed which fully solves the challenge,
recommending that the Information Delivery Manual

(IDM) and Model View Definition (MVD) method-
ologies of BuildingSMART are, at present, most fit
for purpose. However, the authors conclude that
Semantic Web technologies could be effectively em-
ployed for defining and sharing IDM and MVD ex-
change requirements between stakeholders, an ap-
proach demonstrated by Lee et al. (2016). According
to key authors in this field, the main barriers imped-
ing wider utilisation of Semantic Web technologies
include: the need for optimisation of data formats
(given the inherent and unwieldy amounts of data in-
volved in construction projects) as well as maintain-
ing URI links over time (Pauwels, Krijnen, Terkaj &
Beetz 2017, Pauwels, Zhang & Lee 2017, Krijnen &
Beetz 2020).

We have seen that web-based strategies are be-
ing explored as a promising approach to connect
disparate data, a significant feature of digital FM
whereby the trajectory is towards a live link of physi-
cal information to a digital data pool, or Digital Twin,
utilising advances in IoT technology. However, while
technical solutions are being scrutinised in the liter-
ature, there exist fundamental and systemic issues
within the industry which pose a challenge of per-
haps equal significance for digitalisation within the
FM domain. That challenge is the point in time at
which FM teams become involved in the construction
process.

Challenge to enable early FM involvement in projects

According to McAuley & Lefebvre (2019) in their
work on early contractor involvement in construc-
tion projects, given that Integrated Project Delivery
(IPD) and other collaborative forms of contractual
arrangement are most conducive to bringing about
the benefits of the BIM methodology, stakeholders
are unlikely to realise the true advantages by hold-
ing to traditional methods of lowest bid procurement
strategies. But still, despite ample precedence in the
US, the UK, Finland and Australia, in most parts of
the world such collaborative contract types are not
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the cultural or contractual norm. In a related work,
McAuley (2016) demonstrates the potential benefits
of early FM involvement in public works projects.
The author prescribes the use of such aforementioned
collaborative contract types and determines the de-
velopment of conditions which enable early FM in-
volvement, as being fundamental to ensuring effi-
ciently operating public sector buildings in the future.
Liu & R.A. Issa (2014) found, in their study from the
FM perspective, that during the design phase, par-
ticipants in a BIM project tended to focus predomi-
nantly on clash detection and ignore future mainte-
nance issues. Pärn et al. (2017) agree, urging that
considerations of actual operational issues should not
be limited to the post occupancy phase. They pro-
pose a holistic “knowledge based feedback loop” and
involvement of FM teams during the early stages of
design, throughout construction and to commission-
ing.

It appears to be a widely held view among au-
thors in the domain that a significant barrier to ef-
fective digital O&M is the delayed inclusion of FM
professionals within the design and construction pro-
cess. Furthermore, utilising emerging collaborative
contract types such as IPD may facilitate this new
paradigm, precedence for which is currently available
in a number of countries. According to the authors,
such arrangements provide optimal conditions to re-
alise the benefits of the BIM methodology and so it
would appear that, though the technical challenges
are considerable, contractual and social obstacles play
perhaps an equally important role.

DISCUSSION OF CONTRIBUTION

It is clear that agreement on an absolute and all-
encompassing definition of the FM discipline poses a
perhaps unattainable (or even misguided) challenge.
Nevertheless, further work in decomposing the do-
main will facilitate the development of more clearly
defined data exchange requirements, assisting in the
advance towards seamless interoperabilty which is the
key obstacle to progressing digitalisation. In the ab-
sence of viable top-down technocratic standardisa-
tion, the emergence of which until now has been grad-
ual, promising developments in interoperability are
currently emerging from the discipline of computer
science, namely Semantic Web technologies.

Though authors in this field acknowledge that the
solution is incomplete, they recommend that research
in this direction will be worth the effort as it promises
a common, practical approach using existing technol-
ogy (Pauwels et al. 2017). Farghaly et al. (2018) pro-
vide a detailed approach for developing a taxonomy of
O&M exchange requirements while Lee et al. (2016)
offer a similar ontological approach to a related prob-
lem. By adapting these methodologies, significant
benefits for further understanding the FM domain
are likely, Pauwels, Zhang & Lee (2017) explaining

that “the main contribution of building an ontology
is an improved understanding of the actual domain of
discourse”. The potential for Semantic Web method-
ologies to address the interdisciplinary data exchange
issue is considerable whereby we consider an ability to
link and comprehend heterogeneous information gar-
nered from various perspectives. This may result in
new knowledge or understanding by means of logical
reasoning, drawing from domain-specific data types
which may be otherwise incompatible.

A particular definition of the FM domain was se-
lected at the outset of this paper for the purpose of
encapsulating a broad scope of stakeholders. Rather
than limiting the scope of facilities management ac-
tivities solely to a commercial context, it is the in-
tention that future contributions towards a digitised
semantic knowledge for the domain enable a wider
societal participation. Whether formally or infor-
mally carrying out FM related activities, those who
reduce the negative impacts of operating and main-
taining buildings, do so to the benefit of the wider
built and natural environment, and thus, should have
the means to avail of, or contribute to, this proposed
collection of knowledge.

CONCLUSIONS

Through the synthesis of domain reviews, various
under-researched FM activities have been identified,
including renovation. Due to increasing environmen-
tal concerns globally, improving the thermal perfor-
mance of our aging building stock through energy
retrofit poses great potential for carbon emissions re-
duction and FMs, as the operators of buildings, can
play a significant role here. Early FM involvement
in construction projects, enabled by already existing
collaborative contract forms such as IPD, is identi-
fied in the literature as being essential to realising
the benefits of the BIM methodology, as it is during
this earliest stage when the greatest influence may be
had on the later operation of the asset. Such condi-
tions require addressing both the contractual as well
as technical challenges.

Despite growing digital capabilities among prac-
titioners, interoperability across disciplinary software
remains the greatest technical barrier to exploiting
the proven efficiency resulting from digitalisation. Se-
mantic Web technologies are an emerging approach
to address this issue. Currently no one solution is
agreed, but as top-down technocratic standardisa-
tion remains gradual, the approach is gaining interest
among researchers in the field as one that is practical
and makes use of currently available technology. De-
veloping a semantic taxonomy, based on a specific use
case within FM as a consensus process, is a direction
for future work towards a common FM ontology.
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the cultural or contractual norm. In a related work,
McAuley (2016) demonstrates the potential benefits
of early FM involvement in public works projects.
The author prescribes the use of such aforementioned
collaborative contract types and determines the de-
velopment of conditions which enable early FM in-
volvement, as being fundamental to ensuring effi-
ciently operating public sector buildings in the future.
Liu & R.A. Issa (2014) found, in their study from the
FM perspective, that during the design phase, par-
ticipants in a BIM project tended to focus predomi-
nantly on clash detection and ignore future mainte-
nance issues. Pärn et al. (2017) agree, urging that
considerations of actual operational issues should not
be limited to the post occupancy phase. They pro-
pose a holistic “knowledge based feedback loop” and
involvement of FM teams during the early stages of
design, throughout construction and to commission-
ing.

It appears to be a widely held view among au-
thors in the domain that a significant barrier to ef-
fective digital O&M is the delayed inclusion of FM
professionals within the design and construction pro-
cess. Furthermore, utilising emerging collaborative
contract types such as IPD may facilitate this new
paradigm, precedence for which is currently available
in a number of countries. According to the authors,
such arrangements provide optimal conditions to re-
alise the benefits of the BIM methodology and so it
would appear that, though the technical challenges
are considerable, contractual and social obstacles play
perhaps an equally important role.

It is clear that agreement on an absolute and all-
encompassing definition of the FM discipline poses a
perhaps unattainable (or even misguided) challenge.
Nevertheless, further work in decomposing the do-
main will facilitate the development of more clearly
defined data exchange requirements, assisting in the
advance towards seamless interoperabilty which is the
key obstacle to progressing digitalisation. In the ab-
sence of viable top-down technocratic standardisa-
tion, the emergence of which until now has been grad-
ual, promising developments in interoperability are
currently emerging from the discipline of computer
science, namely Semantic Web technologies.

Though authors in this field acknowledge that the
solution is incomplete, they recommend that research
in this direction will be worth the effort as it promises
a common, practical approach using existing technol-
ogy (Pauwels et al. 2017). Farghaly et al. (2018) pro-
vide a detailed approach for developing a taxonomy of
O&M exchange requirements while Lee et al. (2016)
offer a similar ontological approach to a related prob-
lem. By adapting these methodologies, significant
benefits for further understanding the FM domain
are likely, Pauwels, Zhang & Lee (2017) explaining

that “the main contribution of building an ontology
is an improved understanding of the actual domain of
discourse”. The potential for Semantic Web method-
ologies to address the interdisciplinary data exchange
issue is considerable whereby we consider an ability to
link and heterogeneous information gar-
nered from various perspectives. This may result in
new knowledge or understanding by means of logical
reasoning, drawing from domain-specific data types
which may be otherwise incompatible.

A particular definition of the FM domain was se-
lected at the outset of this paper for the purpose of
encapsulating a broad scope of stakeholders. Rather
than limiting the scope of facilities management ac-
tivities solely to a commercial context, it is the in-
tention that future contributions towards a digitised
semantic knowledge for the domain enable a wider
societal participation. Whether formally or infor-
mally carrying out FM related activities, those who
reduce the negative impacts of operating and main-
taining buildings, do so to the benefit of the wider
built and natural environment, and thus, should have
the means to avail of, or contribute to, this proposed
collection of knowledge.

Through the synthesis of domain reviews, various
under-researched FM activities have been identified,
including . Due to increasing environmen-
tal concerns globally, improving the thermal perfor-
mance of our aging building stock through energy
retrofit poses great potential for carbon emissions re-
duction and FMs, as the operators of buildings, can
play a significant role here. Early FM involvement
in construction projects, enabled by already existing
collaborative contract forms such as IPD, is identi-
fied in the literature as being essential to realising
the benefits of the BIM methodology, as it is during
this earliest stage when the greatest influence may be
had on the later operation of the asset. Such condi-
tions require addressing both the contractual as well
as technical challenges.

Despite growing digital capabilities among prac-
titioners, interoperability across disciplinary software
remains the greatest technical barrier to exploiting
the proven efficiency resulting from digitalisation. Se-
mantic Web technologies are an emerging approach
to address this issue. Currently no one solution is
agreed, but as top-down technocratic standardisa-
tion remains gradual, the approach is gaining interest
among researchers in the field as one that is practical
and makes use of currently available technology. De-
veloping a semantic taxonomy, based on a specific use
case within FM as a consensus process, is a direction
for future work towards a common FM ontology.
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Table 1: Characteristics of multi-criteria decision problems 

(Zimmermann, Gutsche, 1991) 

 

ABSTRACT 

The focus of this paper is an efficient data usage in order 
to investigate the economic efficiency of a building ele-
ment. Decisions in construction management are related 
to the life cycle of a building. In combination with numer-
ous influencing factors there is a need for a decision sup-
port approach, which enables the user to ensure data is 
available and can be used efficiently to identify the best 
decision. To meet these challenges, this paper presents a 
data-based approach for combining different datasets to 
ensure a comprehensive base for multi-criteria decision 
support in construction management. 

VARIANT COMPARISON IN 
CONSTRUCTION MANAGEMENT 

Variant comparisons are permanently carried out within 
construction management in order to analyse and evaluate 
different parameter constellations. For example, an 
adjustment of qualities in connection with the variation of 
effort and cost parameters can have a considerable 
influence on the cost calculation or schedule planning. If 
the operating costs of a property are considered in 
conjunction with a possible modernisation of the heating 
system, different characteristic values for the calculation 
of the expected operating costs can give different or even 
contradictory impulses for or against an investment in a 
modern heating system. Variant comparisons make the 
variances visible and provide information about possible 
scenario developments in project management. In the 
context of the life cycle (Design, Construction, Operation 
and Revitalisation) of a building, parameter variations 
regularly affect not only one life cycle phase but have a 
cross-phase influence on the target parameters to be 
evaluated. 

Construction projects are also planned, realised, 
operated and revitalised by a large number of construction 
parties throughout the entire life cycle (Figure 1). The 
number of participants from different disciplines implies 
a high degree of complexity, as different specialist 
information must be correlated in order to make it 
possible to evaluate it in a holistic way. An additional 
dynamic is created by the possibility of a change of the 
building design by the client during the realisation phase. 
The modification of the construction design can therefore 

affect various parameters and target parameters (Gralla, 
Lenz, 2019). 

Multi-citeria decisions in construction management 

Multi-criteria decision problems occur in situations where 
several criteria can have an influence on a decision and 
vice versa (Yu, Chen, 2010). This applies to construction 
project management decisions in unison. Ordinarily, it is 
not just a question of taking one criterion into account, but 
of considering a range of relevant target parameters, 
which may even be in competition with each other and are 
not easily scalable or comparable. Summarizing, the 
following characteristics (see table 1) are representative 
for multi-criteria decision problems: 
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Figure 1: Project participants and influences during the 

life cycle of a building (Gralla, Lenz, 2019) 
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Within the construction industry the Building Information 
Modelling seen as the main digitization driver. "Building 
Information Modelling (BIM) is a planning method in 
civil engineering that involves the creation and 
management of digital virtual representations of the 
physical and functional properties of a structure. The 
building models provide a database of information about 
the building in order to provide a reliable source for 
decisions throughout the entire life cycle of the building; 
from the first preliminary planning to its 
dismantling"(Egger, 2013, p. 18). 

Scheduling aspects are taken into account as time or 
effort values with the BIM-Model respecting its 
components as the fourth dimension. For this purpose, the 
BIM-Model is linked to the corresponding schedule. The 
virtual components of the BIM-Model are linked to 
schedule processes, which allows the construction process 
to be simulated. The granularity of the simulation and 
visualization is variable so that a wide variety of 
schedules can be linked to the BIM-Model. Furthermore, 
the virtual components can be variably combined into 
groups and assigned to different schedule processes 
(Weist, 2019, p. 23). For the consideration of costs, the 
pricing and thus cost-relevant information is combined 
with the objects of the BIM-Model in the fifth dimension. 
After consolidating the objects with individual items of a 
bill of quantities, a model-based cost determination can be 
carried out on the basis of the linked information, such as 
wage, material, equipment costs, etc. The linking of the 
BIM-Model to a set of service specifications is also 
variable, so that several can be assigned to one item of 
service specifications (Gralla/Lenz, 2017). The linking of 
scheduling and cost relevant aspects to the specific BIM-
Models is done, because the originally scheduling and 
cost calculation is mostly done by other teams which work 
in specific software which should be BIM capable. By 
that, the created calculation or scheduling is then linked 
with the related objects within the BIM-Models. By that, 
a more dynamic process occurs because the modelling 
teams works simultaneously on the BIM-Model as the 
calculating team works on the related cost calculation and 
the scheduling team creates the schedule. This leads to a 
more efficient and agile BIM process. 

By synthesizing scheduled, cost-relevant and further 
information with the geometric information, target/actual 
comparisons, payment plans, performance reports as well 
as budget and execution quantity controlling and many 
other evaluations can be carried out on a model-based 
basis. The use of the BIM-Model as a central source of 
information and knowledge or database over the entire 
life cycle of a property is the main difference to 
conventional project management. All the necessary 
information specific to the respective application is 
available, so that evaluations can be carried out in real 
time on the basis of the classic construction business key 

figures such as quality, costs and time. (Weist, 2019, p. 
24). 

Regarding this, all information which are necessary 
for the decision-making can be considered in a BIM-
Model. By that, also the interdependencies between 
different criteria which are taken into account in the BIM-
Modell can be utilized for the decision-making process. 
For example, the input and output KPI’s of a heating 

boiler can be considered within the BIM-Model for 
simulation purposes. Changing the given KPI’s will affect 

the costs and schedules within the different life-cycle 
phases of the building. Therefore, all of the data stored in 
the BIM-Model can be changed and will occur other 
results which have to be taken into account in the 
decision-making process. Correspondingly, there is 
potential by using BIM-Models as a database for multi-
criteria decision support. 

Complexity and potential of multi-criteria decisions 

For multi-criteria decision problems to be better 
addressed and thus also solved, they must first be 
classified.  With the help of this classification, targeted 
measures or methods can then be used to solve the 
problem more efficiently. In this context it is useful to 
describe multi-criteria decision problems as complex or 
complex system or complex construct (Bohne, 1998). 

Complexity is described by numerous connections of 
individual elements in a system that interact with each 
other or exchange information. Even though such a 
system can also be called a complicated system, the two 
terminologies differ in the number and characteristics of 
the respective connections and interactions. If a 
complicated system has many connections and 
interactions that are still manageable, a complex system 
exceeds this number and may no longer be completely 
comprehensible as a system. This means that to get an 
overview of a complicated system is to a certain extent 
very difficult, but still possible, while a complex system 
cannot be analyzed and understood without assistance 
tools. (Schuh, 2014, Ulrich, Probst, 1988, Klir, 2001). 
(Mitchel, Newman, 2001, p. 1) (Saurin, Rooke, Koskalin, 
2013 p. 5825) (Snowden, Boone, 2007, p. 69–76.) (Foster, 
2005, p. 874) (Schuh, Gottschalk, 2008, p. 432). 

Transferring this definition to the solution of multi-
criteria decision problems, it is possible to transfer 
methods for the solution of complex problems and thus 
achieve a satisfactory result more efficiently. Potential of 
variant comparisons in different life cycle phases, the 
interactions among each other (cross-life cycle), also the 
potential of a decision taking into account real all criteria 
(currently not used), regarding qualities, costs and 
deadlines (construction operation). 

A collection of several, structurally different, but 
largely identical solutions is also known as product line. 
Each point of variation can be realized by a set of features 
whose cardinality multiplicatively enters into the number 
of possible occurrences of the product line. With eight 
variation points and two possible related 
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implementations, up to 256 possible product 
characteristics are already created in this way. 
Consequently, it is extremely challenging to create and 
test the different variants of a product line without 
automation and reuse. Furthermore, the multiplicative 
relationship between the costs for the selection and 
integration of features asymptotically always exceeds the 
additive connection between the total costs and the 
realization of separate features. Combinatory software 
synthesis is motivated by this cost composition. 
Independently implemented features in the form of a 
component repository are assumed and their selection and 
composition are automated by an algorithm. (Wenzel et 
al., 2019) 

It is usually difficult to map complete systems for 
decision making taking into account all the framework 
conditions and details. Therefore, it is necessary to 
identify the relevant areas and criteria of the variant to be 
considered and to map and evaluate the variants with 
respect to these criteria, (Winkels et al., 2018) has already 
shown that an automated composition of solution 
alternatives is possible. Although the complete life cycle 
was not considered, it turned out that this is not necessary 
if the system can work with sufficient information. In the 
cited paper, adaptations of existing systems were 
analysed. In case of a completely new system from 
scratch, it would certainly be harder because of less 
restrictive conditions and therefore a bigger solution 
space. The procedure is nevertheless transferable to other 
use cases, which was shown in (Winkels, 2019, 
Graefenstein, 2019). 

USING SOFTWARE SYNTHESIS 
METHODS FOR MULTI-CRITERIA 
PROBLEMS 

In order to be able to map the variability and the numerous 
different configuration possibilities the information 
technology approach converts the planning task into a 
feature model. Feature models are originally a 
representation of all occurrences of a software product 
line (SPL). An SPL is a collection (or family) of related 
programs that are based on a common software kernel but 
differ in features. A “feature” is defined as a “salient or 

distinguishable user-visible aspect, quality or 
characteristic of a software system” (Winkels et al., 
2018). Feature models are visualized through feature 
diagrams and used throughout the product line 
development process. 

The model defines the features, their characteristics, 
as well as their dependencies, which are reflected in the 
diagram. In addition, the models can have other 
constraints, which can be represented in additional 
documentation (tables, etc.). A concrete incarnation of a 
member of an SPL is called a feature configuration. A 
configuration is only allowed if it does not violate any 
constraints described in the model. The concept of the 
software product lines has been adapted to the present 
work and its underlying scenario. It will be introduced and 

used as a production product line (PPL) at this point. In 
our scenario, different variants of individual components 
of the material flow are considered as features. Different 
transport systems for example represent different factory 
features. Configuration is allowed if at least one feature is 
selected from all the required components and global 
constraints such as the budget limit are not violated. 
Figure 2 shows a possible portrayal of such a feature 
model based on an example scenario that will be 
discussed in more detail later. 

 

Figure 2: Example of a Feature Model 
 

If one wants to generate and evaluate solution alternatives 
automatically, it is necessary to provide the corresponding 
software system with sufficient information about the 
variants to be generated. This means, for example, that an 
information "heating boiler" already contains information 
like maintenance intervals or suchlike. 

With this and further information from other related 
modules, it is possible to check whether target criteria 
such as heating capacity or energy consumption are met. 
The necessary information must be available beforehand 
so that a complete check is possible. If this is not the case, 
this information would have to be added to obtain useful 
results. If this is the case, such a check can be performed 
algorithmically. Several academic and commercial 
approaches already exist for this purpose, such as the Z3 
Constraintsolver from Microsoft (Moura, Bjorner, 2008, 
p. 337 – 340). The advantage of this is that any gaps in the 
model's database can be detected and that several phases 
of the life cycle can be run through with varying data 
bases. For example, the existing data for installed heating 
lines or pumps in the construction phase may be different 
from that in the operating phase of the building. This 
would also result in different framework conditions, 
which can be taken into account when examining possible 
solutions. 

This can be realized as a modular approach (Figure 3) 
analogous to the one in “Automatic composition of rough 
solution possibilities in the target planning of factory 
planning projects by means of combinatorial logic” 

(Winkels et al., 2018). Different (heating) systems are 
represented as a module with different inputs and outputs. 
If a module gets information from another module that 
already has certain values like pipe diameter or pumping 
capacity, it becomes clear if the new system can be 
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composed consistently. Incompatible modules can be 
identified directly and the solution variant which contains 
such an incompatible module is not considered further. At 
the same time effects on the evaluation criteria can be 
specified directly in the modules. This way it can be 
determined which costs the use of a certain component 
would cause. With an automated generation of complete 
solutions, the total costs can be calculated immediately. 
As described in Winkels et al., 2018, the synthesis 
framework "Combinatory Logic Synthesizer" is used for 
this. An exact description of the underlying algorithm can 
be found in the paper. 

The decision for one of the generated alternatives must 
still be made by the responsible persons (Figure 4). A 
fully automatic multi-criteria decision is only possible if 
the criteria have been weighted beforehand (for example 

by stating that low costs are more important than high 
space consumption). By such a procedure described 
above, however, the basis for discussion and decision 
making is much better and the solution finding much 
faster. With these generated solutions you get emotionally 
neutral, data-based solutions that really work. Each 
participant can see the characteristics and consequences 
of each individual decision in this way. 

DECISION-MAKING PROCESS IN 
CONSTRUCTION MANAGEMENT 
STATUS QUO  

Decisions based on manual processes are often not made 
under consideration of all criteria. Accordingly, a certain 
inefficiency can be identified in the processes leading to 
a decision as well as in the quality of the decision itself. 
A decision-making process can be introduced in different 
phases with input and output. The approach used in this 
paper is differentiated in four phases, the observation 
phase for the recognition of a demand for a decision, the 
analysis phase, to analyse if the decision is necessary, the 
planning phase, to plan the decision respective developing 
the basis for the decision by taking the influencing factor 
and all criteria into account and the decision phase, where 
a decision for a variant is made. 

The output of the process is differentiated in output 
pre-decision (before the decision is made) as a basis for 
the decision and post-decision, which can be used in a 
kind of feedback-loop as more knowledge to improve the 
decision basis for further decisions in a similar form.      
The level of criteria is increasing during the decision-
making process and because of that the complexity also 
rises (Figure 5). 

Especially the existence of incomplete information is 
the reason therefor, that all parties concerned with 
decision-making problems in the construction sector are 
faced with uncertainty are challenged. It can be assumed, 
moreover, that this could reduce the parties' cost risk for 
the post-award phase. For the assessment and evaluation 

Figure 3: Classic way and automated way of formulating solutions for actual planning processes (Winkels et al., 2018) 

Figure 4: Stages involved in the solution formulation 

process (Winkels et al., 2018) 
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of probabilistic data, decision-theoretical tools are 
available which make objectively comprehensible 
decisions possible. However, the decisive basis for 
decision-making is the quantification of the risk-benefit 
attitudes of the decision-makers, which can be achieved 
by evaluating their risk-benefit functions (Werkl, 2013). 

Within the framework of decision theory, an approach 
is developed to find the theoretically correct choice for 
decisions under uncertainty, which best corresponds to 
the preferences of the decision maker and thus maximizes 
his benefit. In construction practice, decisions are mainly 
not made on the basis of deterministic parameters, which 
means that they are based on probabilities (Heck, 2004). 

APPROACH FOR DIGITAL VARIANT 
COMPARISONS IN CONSTRUCTION 
MANAGEMENT 

The advantages of digitalization in the construction 
industry create enormous potential, such as new 
marketing opportunities, more efficient use of buildings 
in the form of new business models or ensuring the best 
decision for a particular application. These can be of 
various kinds and can promote the achievement of various 
target definitions. 

Therefore, an efficient use of data in connection with 
automatic data analysis procedures with focus on 
decisions in construction management is elementary. 
These approaches can significantly simplify cross-
disciplinary collaboration through the possibilities of 
combinatorics or synthesis of the data structures of 
different disciplines, generate a holistic knowledge base 
for decision support, increase the ability to make forecasts 
and thus maximize speed and efficiency (Lenz, 2020). 

The value of data for variant comparisons  

Data as source for decision-making processes, e.g. for the 
use case “Life cycle-oriented investigation of the 
economic efficiency of heating systems” is characterized 

by multidimensional influence factors, which are leading 
to a high complex decision-making situation. 

The following table summarizes a variance of possible 
influencing parameters, as input data for the decision. 
Different data which can affect the decision are separated 
in categories. The same category can contain different 
Data ID’s which describe the properties of a data 

respective criteria. Furthermore, the different Data ID’s 

contain data values which can change due to different 
requirements. All of the data values will affect the 
decision-making process in different peculiarity. E.g. the 
building orientation (Data ID in first row) will affect the 
necessary amount of heating load because related to the 
building orientation the solar radiation can increase or 
lower the temperature within the building. Furthermore, 
the building soil (Data ID in second row) gives 
information if a geothermal heating is applicable or not, 
which will influence the decision making in many cases.  

Table 2: Input data Use Case Heating System 

These data are intended to form the basis for the 
subsequent development of a best practice process for 
digital decision-making on an option.  

Best practice process for digital decision-making on an 

option 

In order to use the developed input data for specific pro-
jects and related decision-making processes, it must be 
made more operational. For this purpose, the data basis is 
transferred into a process model which describes the pro-
cess of decision-making in a more detailed way by regard-
ing how the data is used for project management pur-
poses. Although the structure of the decision process in 
Figure 6 is shown as a phase model, a modular approach 
is chosen for the detailed description and operationaliza-
tion to allow flexible adjustments during the decision pro-
cess. The process is structured in such a way that all data 
and input parameters from table 2 are first compiled in 
modules. Each category in table 2 is assigned to one mod-

Data 

Type

Category 

no.
Category name Data ID Data Value 

INPUT 1 Location of the building Building orientation Amount of the heating load 

INPUT 1 Location of the building Building soil Geothermal heating applicable

INPUT 1 Location of the building Building environment Space for external systems 

INPUT 1 Location of the building Building Position Environment temperature

INPUT 2 Building dimensions Size technical room Dimension of the heating system

INPUT 2 Building dimensions Location technical room Heat distribution network

INPUT 3 Component dimensions Surface Areas Floors

INPUT 3 Component dimensions Surface Areas Walls 

INPUT 4 Building components Competing systems Photovoltaic system 

INPUT 4 Building components Competing systems Solarthermie 

INPUT 5 Dimension of the heating system Average heat transfer coefficient Value

INPUT 6 Dimension of the heating system Thermal bridges Value

INPUT 7 Dimension of the heating system Temperature adjustment factor Value

INPUT 8 Air exchange Manual type Windows

INPUT 8 Air exchange Automatic type Ventilation system 

INPUT 9 Sustainability Primary energy demand Value

INPUT 9 Sustainability Primary energy resource Gas etc. 

INPUT 10 Development of operating costs Primary energy resource Evolution of costs

INPUT 11 Purpose of use of the building Type of use Temperature 

INPUT 12 Period of use Life cycle of the system Years 

INPUT 13 User requirements Maintenance intensity Low etc.

Figure 5: Decision-making process vs. level of criteria 
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ta gory 

 

ule, whereby the number of the given category is congru-
ent with the number of the allocated module. The data 
ID’s and the data values are stored within the respective 
module. In the input phase, all parameters to be consid-
ered are first compiled. Within the observation phase, the 
input parameters are checked and analysed for con-
sistency and information content. If consistency is en-
sured and information content exists, the data is analysed 
in the analysis phase. The requirements, objectives and 
interactions of the different parameters are determined 
and evaluated in the planning phase. Figure 6 shows the 
complexity and interdependencies of the investigated in-
put data within the phases of observation, analysis and 
planning. Subsequent to the planning phase the generation 
of output parameters is carried out. These contain e.g. in-
formation on costs, time, quality and interactions. The in-
formation thus obtained represents the result of the obser-
vation, analysis and planning phase. The output data are 
also presented as modules, whereby these are coherent 
with the life cycle phases affected by the decision problem 

to be investigated. By doing so, the stakeholders assigned 
to the respective lifecycle phases can view the infor-
mation that is decisive for them. 

Figure 7: Decision criteria during Construction phase 

Accordingly, the created modules contain different 
information, which still interact with each other. If only 
one life cycle phase is considered, the interrelations and 
interactions of the information of an output module can be 
visualized in a spider diagram. Accordingly, Figure 7 

shows examples of the information of the construction 
phase that is relevant and necessary for the decision. 
In some cases, it may be sufficient to make a decision 
based solely on the information of one life cycle phase. If, 
however, various stakeholders have to be taken into 
account, different goals arise which are inherent in the 
system and can lead to different decisions, but which do 
not take into account an overall goal. In this case it is 
crucial to integrate all criteria and information into the 
decision process. In the present case, therefore, modules 
for the respective life cycle phases within the output data 
were created in order to create the necessary transparency 
for all project participants and thus make the goals and the 
different stakeholders comprehensible. If this information 
and requirements are taken into account, complexity 
inevitably increases. 

Best practice process for digital decision-making on 

multiple variants 

However, in order to achieve a holistic evaluation and 
resulting decision, the output information of the 
associated life cycle phases must be linked together. A 
coupled view also creates transparency for all project 
participants, so that the requirements and weighting of 
output parameters of the various stakeholders becomes 
comprehensible. For example, an investor who will focus 
the weighting on a cost-effective installation of a heating 
system can be sensitized to the possibility of reducing 
operating costs. Table 3 shows the different life-cycle 
phases which are described as categories. All of the data 

Figure 6: Modular-Decision-Making-Workflow (MDMW) 
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are output from the decision-making process and carry-on 
different data ID. These can be separated in cost, time, 
quality and interdependencies. Furthermore, the specific 
Data ID can contain different Data values which has to be 
considered in the decision-making. For example, Data ID 
“Cost” within the category name “Construction phase” 

contains three types of cost values, which are regarded as 
Labour costs, material costs and equipment costs.  

Table 3: Output data Use Case Heating System 

 
Figure 8 illustrates an example how the consideration of 
different objectives in the affected life cycle phases could 
increase the decision-making problem. In this purpose the 
weighting of decision criteria has a tremendous impact on 
the decision. 

Figure 8: Decision criteria across life cycles 

Considering the complete lifecycle of a building the 
complexity of a decision-making process will strongly 
increase. However, the given interdependencies of 
multiple criteria within different lifecycles will become 
obvious which increases the transparency for all 
participants over the whole lifecycle. The creation and use 
of a modular decision workflow under consideration of 
Building Information Modelling methods brings the 
advantage of model-based variant comparisons in 
conjunction with flexible variation of decision-criteria 
over the lifecycle of a building. Furthermore, by using 
different data within a modular approach the data is more 
formalized and thus automated in a flexible way. By that, 
multiple variants can be generated and evaluated in an 
automated way by the algorithm itself under consideration 
of weighting of different criteria. Therefore, a 
multidimensional decision-making process becomes 
more efficient and reliable whereby the complexity 
becomes manageable because every stakeholder and their 
point of view and decision criteria was taken adequately 
into account. 

CONCLUSION & OUTLOOK 

To address the tension between autonomous systems and 
human decisions, artificial-intelligence-based methods 
and information technology could be combined with the 
strengths of human decision-making. Accordingly, an 
automation of simple decision processes in the sense of 
recurring facts (compliance with standards and laws or 
similar) could be realized. Further steps can be identified 
in an extended, efficient decision support for humans in 
complex situations and their interdependencies with the 
other disciplines. The use of learning systems to generate 
synthetic training data for the application of machine 
learning methods for adaptation planning with the focus 
on the factory building could be a gain in the context of 
shortening planning processes. By forecasting possible 
implementation variants, the planning processes of a 
necessary structural adjustment could be anticipated and 
automated (e.g. building autonomously triggers an order 
for the required building material) and the resulting 
planning, decision and also implementation times could 
be shortened (Lenz, 2020). 

If the numerous stakeholders are taken more into 
account, automated generation of variants based on the 
preferences of the respective stakeholders could be 
pursued. By formulating stakeholder-related profiles, 
different solution variants can be automatically generated 
which can be directly compared with each other. On this 
basis, aggregated variants can be created that show the 
greatest possible intersection of the decision criteria of the 
individual stakeholders. If the individual weightings or 
the deciding power of the respective stakeholders are also 
considered, a solution variant can be generated which 
takes all participants with their specific preferences into 
account. The basis for discussion is then already quite 
sophisticated and takes into account the individual 
stakeholders according to their influence and planning 
focus. This way the generation and decision for a solution 
variant which satisfies all parties involved can be 
supported.  

In the near future, the decision-making process could 
evolve even further towards automated solutions. AI 
based on machine learning could be used to observe 
human decision making and thus adapt it later. However, 
this would require large amounts of observable and well 
documented decision-making processes.  

It would be necessary that all decision-relevant factors 
are mapped in a comprehensible way for the AI. Often, 
however, people make decisions based on their 
experience, or draw on other more subjective and 
undocumented factors. Since objective and complete 
databases are therefore not available for complete 
decision making, the combination of human and machine 
components in decision making is currently still the best 
alternative. 
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Data 

Type

Category 

no.
Category name Data ID Data Value 

OUTPUT 1 Construction phase Cost Labour costs 

OUTPUT 1 Construction phase Cost Material costs 

OUTPUT 1 Construction phase Cost Equipment costs

OUTPUT 1 Construction phase Time Delivery times

OUTPUT 1 Construction phase Time Construction time

OUTPUT 1 Construction phase Interdependencies Connection to the public grid

OUTPUT 2 Operation phase Cost Labour costs 

OUTPUT 2 Operation phase Cost Material costs 

OUTPUT 2 Operation phase Cost Equipment costs

OUTPUT 2 Operation phase Cost Consumption costs

OUTPUT 2 Operation phase Time Delivery times

OUTPUT 3 Revitalisation phase Cost Labour costs 

OUTPUT 3 Revitalisation phase Cost Material costs 

OUTPUT 3 Revitalisation phase Cost Equipment costs

OUTPUT 3 Revitalisation phase Cost Waste disposal costs 

OUTPUT 3 Revitalisation phase Quality Sustainability

OUTPUT 3 Revitalisation phase Time Dismantling time
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ABSTRACT 

Site equipment represent a major cost element in 
construction projects. Measuring equipment productivity 
help to identify equipment inefficiencies and improve 
their productivity; however, measurement processes are 
time and resource intensive. Current literature has focused 
on automating equipment activity capture but still lack 
adequate approaches for measurement of equipment 
productivity rates. Our contribution is to present a 
methodology for automating equipment productivity 
measurement using kinematic and noise data collected 
through smartphone sensors from within equipment and 
deep learning algorithms for recognizing equipment 
states. The testing of the proposed method in a real world 
case study demonstrated very high accuracy of 99.78% in 
measuring productivity of an excavator. 

INTRODUCTION 

Equipment productivity is a factor that affects the success 
of construction projects, particularly equipment-intensive 
projects such as earth-moving, pavement and tunnel 
projects. Construction equipment productivity has been 
studied by many researchers (Ok and Sinha, 2006, Gurmu 
and Aibinu, 2017) and (Gerami Seresht and Fayek, 2018)) 
to improve the overall construction productivity and 
reduce project time and cost. To improve productivity, it 
must be measured and monitored throughout the project 
execution phase to identify equipment inefficiencies and 
their root causes. However, collecting the required data 
for equipment performance monitoring is time and 
resource consuming (Chen et al., 2020). Manual data 
collection particularly, is error prone and impracticable in 
large projects (Kim et al., 2018). This demonstrates the 
need for automating the process of equipment data 
collection, measuring and benchmarking their 
productivity, and monitoring their performance in large 
construction projects.  

The recent advancement in the equipment technology 
can provide some useful information about different 
aspects of the equipment performance. However, many 
companies still use the equipment without such 
technologies and need to adopt other methods for 
monitoring their equipment performance. The aim of this 
paper is to propose a method for automating the collection 

of key data about equipment operation and the 
measurement of their productivity using low-cost 
smartphone sensors and deep learning techniques. This 
paper first outlines the equipment productivity metrics 
from the usage time aspect. Then, the studies related to 
automating equipment activity recognition and 
productivity measurement are described. In the next 
sections, the proposed methodology is presnted and 
demosntrated in a real case study. Then, discussions on 
the research findings, limitations and future work along 
with the conclusion are provided in the last sections. 

EQUIPMENT PRODUCTIVITY METRICS 

Productivity is generally defined as the ratio of output 
over input. Different metrics have been proposed to 
measure equipment productivity and evaluate efficiency 
of equipment usage. For instance, some metrics have 
accounted for downtime for evaluating equipment 
productivity. Vorster and De La Garza (1990) defined the 
downtime ratio (Z) for equipment over a month, as shown 
in Equation (1): 
  𝑍𝑍(%) = 𝐷𝐷𝐷𝐷 + 𝑊𝑊 × 100 (1) 

 
where D is the number of hours a particular equipment 
unit is broken down in a month, and W is the total number 
of hours worked by the equipment in the month.  
Nepal and Park (2004) defined equipment downtime (DT) 
ratio as follows: 
 𝐷𝐷𝑇𝑇(%) = Total DT hoursTotal planned working hours × 100 (2) 

 
Equipment availability is another metric, which accounts 
for the percentage of time that an equipment unit is 
available for operation, but it can be measured out of 24 
hours, or out of the shift time that the equipment was 
scheduled to operate as proposed by (Ibbs Jr and Terveer, 
1984) in Equation (3) for the utilization ratio (UR): 
 𝑈𝑈𝑈𝑈(%) = Total working timeTotal available time × 100 (3) 

 
By measuring such metrics for different types of 
equipment, productivity benchmarks can be produced and 
used for project monitoring to identify underperforming 
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equipment. Then, the issues causing underperformance of 
equipment can be investigated and addressed to improve 
their productivity. 

RELATED STUDIES  

Several studies have been carried out to recognize equip-
ment activities, determine their activity duration, and 
identify their operation cycle time through automated data 
capture. Montaser and Moselhi (2012) proposed an ap-
proach for tracking earthmoving operations using Radio 
Frequency Identification (RFID). Their approach could 
automatically recognize four states of the trucks including 
loading, travelling, dumping and returning.  As this ap-
proach uses fixed RFID readers for gate systems at the 
loading and dumping areas, it is more relevant to projects 
with fixed loading and dumping areas. Moreover, this ap-
proach cannot identify the waiting time of the trucks in 
the loading/dumping areas. In another study, Montaser 
and Moselhi (2014) developed an automated system inte-
grating Global Positioning System (GPS) and Geograph-
ical Information System (GIS). This system tracks the lo-
cation of the trucks using GPS units mounted on the trucks 
and identifies the spatial boundaries of loading and dump-
ing areas using GIS. Similar to their previous approach, 
they recognized the same four states for the trucks and 
lacks the capability of capturing waiting times in the load-
ing/dumping areas. To address this drawback and to im-
prove accuracy of measuring excavated soil volume, 
Ibrahim and Moselhi (2014) developed an automated 
productivity assessment method for earthmoving opera-
tions. In this method, they used mobile sensors including 
GPS mounted on trucks to track their locations, accel-
erometers mounted on the bed of the trucks for tilt sensing 
of the truck bed, strain gauges mounted on truck leaf 
springs to measure soil weight, barometric pressure sen-
sors attached to the bucket of loaders to measure elevation 
of the buckets, and RF module, which used Bluetooth for 
data transfer and proximity detection between equipment. 
They developed an algorithm to use the collected data 
from these sensors for the truck activity recognition in-
cluding load queue, load, travel, dump queue, dump, re-
turn and service. The developed method measured 
productivity with only 2.2% error in a case study. Despite 
its high accuracy and simplicity of its computational re-
quirements, implementation of this method needs instal-
lation of several sensors on the trucks and loaders, which 
are not often allowed by the equipment owners.  

Ahn et al. (2012) utilised an accelerometer mounted 
inside the cabin of a medium-sized excavator collecting 
the data with the frequency of 100 Hz. They presented the 
relationship between operational efficiency and 
environmental performance using vibration signals. A 
further study by Ahn et al. (2015) explored capturing  
acceleration signals from four types of excavators using 
an accelerometer mounted inside the cabin and conducted 
the experiment under an instructed environment. The 

experiment involved the operation of an excavator that 
a in was strictly instructed to capture the required dat

They  order to analyze patterns of accelerometer data.
used different supervised classifiers including Naïve 

nearest neighbor -based learning, K-Bayes, Instance
(KNN) and Decision tree (J48) and achieved over 93% 

.operationfor classification of excavators' accuracy   
One study explored approaches to detecting loading and 
unloading of a dumper truck with a remote tracking 
technique using 3-axis magnetic field sensing and 3-axis 
tilt sensing for a loader and a truck in an indoor laboratory 
(Akhavian and Behzadan, 2012). Akhavian and Behzadan 
(2015) also developed an automated method to detect 
equipment activities and their durations for simulation 
input modeling of a front-end loader using GPS sensor, 3-
axis accelerometer, and 3-axis gyroscope with frequency 
of 100 Hz. This technique applied several supervised 
learning methods including logistic regression, K-NN, 
decision tree, neural network, support vector machine 
(SVM), and achieved an overall accuracy of more than 
86%.  

Some studies used Inertial Measurement Unit (IMU) 
data from the sensors embedded in smartphones including 
accelerometers and gyroscopes for equipment activity 
recognition. For instance, Kim et al. (2018) measured an 
excavator operation cycle time using IMU data with the 
frequency of 128 Hz. They applied Random Forest, Naïve 
Bayes, J48 and Sequential Minimal Optimization (SMO) 
for the cycle time prediction and achieved 91.83% 
accuracy. In another study Rashid and Louis (2019) used 
time-series data augmentation on 3-axis accelerometer, 
and 3-axis gyroscope data collected with the frequency of 
80 Hz to generate synthetic training data for four  types of 
excavator and front-end loader. This technique applied 
recurrent neural network (RNN) and achieved over 96% 
accuracy for fourfold augmentation. 

Bae et al. (2019) developed a dynamic time warping 
algorithm for activity identification and automatic 
classification of excavator activities (i.e., digging, 
leveling, lifting, trenching, traveling, and idling) using 
joysticks signals. The correct-recognition rate of their 
model was between 91% and 97%. 
Despite the contributions these studies bring to 
monitoring construction equipment activity, there is still 
a dearth of studies attempting to automate equipment 
productivity measurement. A recent attempt in this area 
by Chen et al. (2020) developed a vision-based method 
for measuring excavator productivity. However, this 
method revealed computationally complex and had some 
limitations such as dependency of the results on the light 
conditions, viewpoints of cameras, number of equipment 
in the scene and background movements. In addition, 
their achieved accuracy was 83% for productivity 
measurement, and 94% for idle time measurement. This 
study contributes to this research domain by developing 
and testing a low-cost and simple-to-implement method 
for automating equipment productivity measurement with 
high accuracy using smartphone sensors. 
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METHODOLOGY 

As discussed earlier, a range of metrics for measuring 
equipment productivity exist. In this paper we explore the 
metric utilization ratio (Equation 3) for measuring 
productivity. The main focus is on identifying whether or 
not an equipment is working during the time that it is 
available for use during the operation shift. Accordingly, 
two states for the equipment are defined: 1) active and 2) 
inactive. Active state relates to the time that the equipment 
is actively working. Inactive state relates to the time that 
the equipment is not working including the idle time and 
the time the equipment engine is off.   

Smartphones are used for capturing IMU data (i.e., tri-
axial accelerometer, gyroscope and linear acceleration 
data) and noise level data from inside the equipment 
operators’ cabins.  Figure 1 illustrates how these data are 
used to identify equipment states. 
 

Data Collection

Data Preprocessing

Model Training

Input 

Layer

Hidden 

Layers
Output 

Layer

DNN

CNN-LSTM

Conv-LSTM

State Identification

Active Inactive

 
Figure 1: Modeling Process 

 
As seen in Figure 1, the first step is to collect the required 
data. In this study, different types of smartphone sensor 
data including kinematics and noise level are captured. 
Smartphone sensor data are captured using a commercial 
application available on the phones. The application 
utilizes built-in smartphone sensors to capture IMU data 
and the noise level. In addition, a camera is used to 
capture videos from equipment activities on the 
construction site to identify when the equipment is active 
or inactive. Further, the videos are used for labeling the 
time-stamped sensor data and developing and validating 

machine learning models. 
The second step is data preprocessing, in which 

sliding windows to divide input signal data into windows 
of signals are identified. The size of each sliding window, 
which depends on the model specifications such as the 
data type and nature of the activities to be classified, 
impacts the model size and training speed: the smaller the 
window size, the smaller the model and the faster the 
training speed (Banos et al., 2014). That is, reducing the 
window size enables faster activity recognition and less 
computational burdens. Large windows are generally 
used for identifying complex activities (Banos et al., 
2014). After selecting a suitable sliding window size, the 
data is labeled with the equipment states (i.e., either active 
or inactive) using the observations from the captured 
videos. 

The preprocessed data are then fed to the deep 
learning model for classification. Deep learning 
algorithms are more suitable for complex activity 
recognition because they automate feature engineering 
and extraction (as one of the most important and 
challenging tasks in machine learning) and extract high-
level representation in deep layers (Wang et al., 2019).  

In this study three deep learning algorithms including 
Deep Neural Network (DNN), Convolutional Neural Net-
work-Long Short-Term memory network (CNN-LSTM) 
and Convolutional Long Short-Term Memory (Conv-
LSTM) were experimented. These algorithms are com-
monly used for activity recognition due to their deep 
structures for automated feature extractions from raw sen-
sor data with random noises (Mahmud et al., 2020). These 
algorithms are applied to a various combination of data 
collected in a case study to compare their performance in 
predicting equipment states and measuring equipment 
productivity. The description of these algorithms is sum-
marized below.  

Deep Neural Network (DNN) 

DNN map inputs to outputs through a sequence of data 
transformations (layers). In the learning process of DNN, 
the values of the parameters (weights) of the layers are 
identified in such a way that the network correctly maps 
the input data to output data (i.e., minimizing the error) 
(Francois, 2017). DNN is computationally complex be-
cause many parameters exist for each layer and a change 
in one parameter will impact other parameter behaviors 
(Francois, 2017).  More (deep) layers in DNN comparing 
to the traditional neural networks, make it a more suitable 
method for building a learning model from a large amount 
of data, where manually extracting features is too com-
plex  
or time consuming for building a successful model. 

In DNN, different types of layers such as dense, flat-
ten, dropout and softmax layers can be used. Dense layers 
are a regular neuron layer, which are densely connected 
and receive input from the previous layer and send output 
to the next layer. The input and output are also connected 
by the weights. Flatten layers are used to make multidi-
mensional output linear to pass it to the dense layer when 
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required. Dropout is a regularization method, which ran-
domly (at a probability) drops some neurons to prevent 
overfitting the model. Softmax can be used before the out-
put layer to output a probability distribution over the dif-
ferent output classes, which identifies the probability that 
the sample belongs to a specific class (Francois, 2017).  
Figure 2 (a) depicts the architecture of the DNN model 
created in this study. 

Convolutional Neural Network-Long Short-Term 

memory network (CNN-LSTM) 

CNN-LSTM integrates Convolutional Neural Network 
(CNN) with long short-term memory network (LSTM). 
CNNs are characterized by the ability of easy training, 
knowledge extraction and feature extraction on input data 
(Huang and Kuo, 2018). CNNs are mostly adopted for im-
age processing. LSTM is a type of Recurrent neural net-
works (RNNs), which are used to learn from sequence 
data (i.e., sequences of observations over time) and can 
address some difficulties of RNN in training a stable 
model (Brownlee, 2016). LSTM develops internal repre-
sentation of the input while reading input observations in 
sequence and focusing on model prediction errors in the 
input sequence in each time step, which is called back 
propagation over time (Brownlee, 2016). 

In the CNN-LSMT architecture, 1) CNN performs 
feature extraction on input data through convolutional 
layers (e.g. Conv1D), which performs convolution opera-
tions to learn local patterns (while dense layers learn 
global patterns) (Francois, 2017), and pooling layers, 
which performs a down sampling operation to produce the 
most significant features (Swapna et al., 2018), and 
LSTM supports sequence prediction, 2) data are read se-
quentially in blocks and features are extracted from each 
block, and 3) the extracted features are fed into LSTM for 
interpretations and  
predictions (Brownlee, 2018). CNN-LSTM is more effi-
cient for recognition of activities with differing time spans 
such as visual time series prediction problems. As CNN 
is a specific type of DNN, DNN layers can also be used 
in CNN-LSTM models. Figure 2 (b) demonstrates the ar-
chitecture of the CNN-LSTM model used in this study.  

Convolutional Long Short-Term Memory (Conv-

LSTM) 

Conv-LSTM is an extension of fully connected LSTM 
(FC-LSTM) by having convolutional structures for 

LSTM gating in both the input-to-state and state-to-state  
transitions (Xingjian et al., 2015).  In Conv-LSTM, an ex-
tra connection with the previous memory cells is estab-
lished to account for the effect of the previous input in the 
current timestamp (Xingjian et al., 2015). 
In the training process, the memory cell can consider the  
effect of the earliest stages (Rahman and Adjeroh, 2019). 
The main difference between CNN-LSTM and Conv-
LSTM is that in CNN-LSTM, LSTM interprets the output 
from CNN model but in Conv-LSTM, the convolutions 
are used directly as part of reading input into LSTM 
(Brownlee, 2018). Conv-LSTM is suitable for predictions 
on 3-dimensional data (e.g., spatiotemporal data).  
In this study, a special form of Conv-LSTM, so called 
Conv-LSTM 2D, which combines gating of LSTM with 
2D convolutions, was used. The overall architecture of the 
model used in this study is presented in Figure 2 (c).  

TESTING AND DEMONSTRATION 

The proposed method was implemented on a live demoli-
tion project where a Komatsu PC220LC Hydraulic Exca-
vator was in use. A commercial mobile app was used to 
collect noise level and IMU data including accelerometer, 
gyroscope and linear acceleration data in three-dimen-
sional axes. Two android smartphones were mounted in-
side the cabin of the excavator on the window to mitigate 
the risk of losing data due to the risk of the app crashing 
on one phone or other incidents. The frequency of data 
capturing was 8 Hz, which was the highest frequency at 
which the commercial app could run and capture data 
without crashing. A camera was used to capture the video 
and approximately 3 hours of the excavator operation was 
monitored. Figure 3 shows a snapshot of the captured 
video. As mentioned in the methodology section, this 
study intends to automatically measure the utilization ra-
tio by recognizing two states of the equipment: active and 
inactive. During the monitored time, the excavator was 
mostly active working on demolishing a building. There 
were some occasions that the excavator operator stopped 
working for a short period of time, which was considered  
inactive time. Figures 4 to 7 show a sample of accelerom-
eter, gyroscope, linear acceleration and noise level data 
when the excavator was active and inactive. The collected 
data were then preprocessed. The sliding window size was 
decided as five seconds as only two states that are not 

Conv1d

Input: Smartphone 
Sensor Data

Output: 
Excavator States

(b)

Dropout Max 
Pooling

Flatten LSTM Dense Softmax

Dense

Input Output(a)

Dense Dense Flatten Softmax

ConvLSTM2D

Input Output

(c)

Dropout Flatten Dense Dense

Dropout

Figure 2: (a) DNN model architecture; (b) CNN-LSTM model architecture; (c) Conv-LSTM model architecture 
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complex in nature were considered for activity recogni-
tion. Since frequency of data was 8 Hz, 40 data sets were 
available for each window. These data sets were labeled 
using the captured video.  
 

 

Figure 3: A snapshot of the captured video 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Sample of accelerometer data in x, y and z axis for 

active and inactive states 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: Sample of linear accelerometer data in x, y and z 

axis for active and inactive states 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Sample of gyroscope data in x, y and z axis for ac-

tive and inactive states 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: Sample of noise level data for active and inactive 

states 
 

Three deep learning models using DNN, CNN-LSTM and 
Conv-LSTM algorithms were created using Keras deep 
learning pacakge, a free open source library in Python, 
with Tensor-Flow as a backend engine. The models were 
created for three combinations of data: 

• Accelerometer and gyroscope data 
• Accelerometer, gyroscope and linear 

acceleration data 
• Accelerometer, gyroscope data, linear 

acceleration and noise level data 

The train/test ratio of 75/25 was used for splitting the 
dataset into train and test sets. Then, 80% of the train 
dataset was used as the actual train set and the remaining 
20% was used as the validation set. After that, the model 
is  iteratively trained and validated on these different sets. 
The accuracy was calculated as the number of correct 
predictions over the total number of predictions Equation 
4. 
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•
•

•

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑇𝑇 + 𝐹𝐹𝑇𝑇 (4) 

 
where TP is True Positive, TN is True Negative, FP is 
False Positive, and FN is False Negative. 
Table 1 shows the accuracy of experimented models for 
activity recognition. 
 

Table 1: Accuracy for activity recognition 

Input Data 

Model Accuracy (%) 

DNN 
CNN-
LSTM 

Conv-
LSTM  

Accelerometer and gyroscope 
data 

 97.25% 96.93% 96.85% 

Accelerometer, gyroscope and 
linear acceleration data 

 97.17% 96.77% 97.01% 

Accelerometer, gyroscope 
data, linear acceleration and 
noise level data 

 97.01% 96.70% 97.01% 

 
The actual utilization ratio was measured manually as 
89.85% using the captured video. Using the result of the 
models, the utilization ratio can be  automatically 
calculated  as shown in Table 2, and accuracy of the 
models was calculated by comparing it with the actual 
utilization ratio as shown in Table 3.  
 

Table 2: Predicted utilization ratio 

Input Data 

Predicted Utilization Ratio (%) 

DNN 
CNN-
LSTM 

Conv-
LSTM  

Accelerometer and gyroscope 
data 

91.08% 91.36% 90.13% 

Accelerometer, gyroscope and 
linear acceleration data 

91.26% 92.34% 90.17% 

Accelerometer, gyroscope 
data, linear acceleration and 
noise level data 

90.04% 91.37% 91.45% 

 
Table 3: Accuracy for measuring utilization ratio 

Input Data 

Model Accuracy (%) 

DNN CNN-
LSTM 

Conv-
LSTM 

Accelerometer and gyroscope 
data 

98.63% 98.31% 99.68% 

Accelerometer, gyroscope and 
linear acceleration data 

98.43% 97.22% 98.53% 

Accelerometer, gyroscope 
data, linear acceleration and 
noise level data 

99.78% 99.42% 98.21% 

 
 
 
 
 
 

DISCUSSION 
The developed model resulted in high accuracy for both 
activity recognition and productivity measurement. This 
accuracy can be attributed to capabilities of deep learning 
algorithms in feature engineering when large amount of 
data is available. Another contributor to this high 
accuracy comparing to similar studies (e.g., Ahn et al. 
(2015) with 93% accuracy and Kim et al. (2018) with 
91.83% accuracy), is the lower level of details required 
for productivity measurement as this study considered 
two states (active and inactive) for the activity 
recognition. Although the accuracy levels are very high, 
they can be improved further with a larger amount of 
training data by increasing the frequency and/or duration 
of data collection. In this case study, DNN model using 
accelerometer and gyroscope data led to the highest 
accuracy (97.25%) for activity recognition. For 
productivity measurement, DNN using accelerometer, 
gyroscope data, linear acceleration and noise level data 
achieved the highest accuracy (99.78%). However, the 
variations of the achieved accuracies are insignificant 
among the models and the input combinations (less than 
1% for activity recognition and less than 3% for 
productivity measurement), which could be because of 
the low level of  details required for predictions. If a 
higher level of details  is considered, more variation could 
be observed to be able to compare capabilities of different 
algorithms and the impact of input data. In this case study, 
the excavator was doing only one type of activity (i.e., 
building demolition). 
To enhance application of the model, other types of 
activities such as excavation and loading can be studied to 
make the model more generic for excavator operations.  
The main advantage of this method over other methods 
(e.g., vision-based methods and using other types of 
sensors) is that it is computationally less complicated, and 
inexpensive to implement. It is also relatively more 
accurate. For instance, the study by Chen et al. (2020) 
used a vision-based method and could achieve 93.8% 
accuracy for measuring idle time, which is similar to the 
inactive state in this study. Table 4 shows a detailed 
comparison between this study and other studies.  

LIMITATIONS AND FUTURE WORK  

This study has some limitations that can be addressed in 
future. In the case study, the excavator activities were 
limited to demolition tasks. The proposed method can be 
experimented for other types of excavator activities such 
as excavation and loading to further substantiate its 
capabilities. As such, more complex activity recognition 
with more states maybe required to study more detailed 
equiepment operation efficiency. 
In this study, a commercial mobile application was used 
for capturing the data. The used application had 
limitations on the data capture frequency. The highest 
frequency rate to avoid crashing the application was 8 Hz 
while in similar studies higher rates were used. Despite  
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this limitation, the accuracy of the model in the case study 
was very high. In future studies, the impact of data capture 
frequency on the accuracy of the model can be explored.  
In addition, the capability of this method can be further 
explored by experimenting other types of equipment such 
as loaders and cranes.   

CONCLUSIONS 

In this study, a deep learning method was proposed for 
automating equipment productivity measurement. This 
method uses kinematic and noise level data captured by 
smartphone sensors. Three deep learning algorithms 
including DNN, CNN-LSTM, and Conv-LSTM were 
experimented for activity recognition of an excavator and 
measuring productivity.  

The results of the experiment showed high accuracy 
of the models (over 96.70% for activity recognition and 
over 97.22% for productivity measurement). The 
equipment-intensive construction project can benefit from 
the proposed method by measuring equipment 
productivity, producing benchmarks, and comparing the 
equipment performance with the benchmarks. 
Automating this process assists project managers to 
identify equipment inefficiencies in near real-time and to 
stimulate corrective actions to address the root causes of 
lagging performance; hence contributing to improve 
equipment productivity and reducing project time and 
costs. 
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ABSTRACT

Even when adherence to project schedule is the most
critical performance metric among project owners,
still 53 % of typical construction projects exhibit
schedule delays. To contribute to more efficient con-
struction progress monitoring, this research proposes
a method to detect the most common temporary ob-
ject classes in large-scale laser scanner point clouds of
construction sites. The proposed workflow includes a
combination of several techniques: image processing
over vertical projections, finding patterns in 3D de-
tected contours, and performing checks over vertical
cross-sections. A deep learning algorithm was lever-
aged to classify these cross-sections for the purpose
of formwork detection. After applying the method on
three real-world point clouds and testing with three
object categories (cranes, scaffolds, and formwork),
the results reveal that the process achieves average
rates above 88 % for precision and recall and out-
standing computational performance (1 s to process
105 points). These metrics demonstrate the method’s
capability to support the automatic segmentation of
point clouds of construction sites.

INTRODUCTION

Nowadays, inefficiencies, such as cost and time over-
runs, occur regularly within the construction indus-
try. According to Mace & Jones (2016) 53% and 66%

of typical construction projects record schedule delays
and cost overruns, respectively. Moreover, KPMG re-
vealed in its Global Construction Survey that adher-
ence to the project schedule is not only the most es-
sential performance measure in construction industry
contracts but also the central issue in the execution
of projects (Armstrong & Gilge 2017).

One of the root causes of these issues is that the
monitoring process is still mostly performed manually
in the construction industry. This practice is expen-
sive, labor-intensive, and not comprehensive (Lin &
Golparvar-Fard 2020).

Many approaches have emerged to address this
problem. Current research proposes to compare a 4D
building information model with a point cloud of a
construction site, allowing to track progress (Braun
et al. 2020, Bosché 2012). This tracking is possible be-
cause in a BIM model, all construction elements, be-

sides having 3D geometry, are linked with process in-
formation, enabling them to report the planned state
of construction at any given time. However, one of
the preeminent challenges with this approach is the
presence of temporary construction elements in the
point cloud. These temporary elements are usually
not present in the building information model, and
even worse, may occlude large portions of the per-
manent structures in the point cloud. Therefore, the
presence of these elements makes a reliable compari-
son with the 3D geometry of the model more challeng-
ing. Some of the most common temporary elements
are: scaffolds, formwork, cranes, reinforcement, and
machinery.

To overcome this challenge, the goal of this re-
search is to detect cranes, scaffolds, and formwork in
laser-scanned point clouds of construction sites. Be-
sides the fact that these objects are prevalent on a
construction site, detecting them is useful for the fol-
lowing reasons:

Since the number of cranes and their height varies
depending on the construction phase, this informa-
tion gives a rough idea about the state of the con-
struction progress. Moreover, knowing the exact po-
sition of cranes would allow the verification of com-
pliance with safety regulations, like the distance from
the crane to the building or to other cranes.

Detecting scaffolding components is useful to
track the construction site’s progress and perform
precise safety regulation checks regarding the mini-
mum requirements that scaffold should fulfill, such as
the presence of toe-boards and guard-rails in the right
position. This checks could be done by implement-
ing corroborated methods such as those introduced
by Wang (2019). This last step is crucial because,
as Wang identified, falling from scaffolds is one of the
leading causes of fatal accidents on construction sites.

Identifying the location of the formwork gives cru-
cial information about the exact current state of con-
struction progress. A placed formwork does not ex-
clusively represent a building element that is cur-
rently under construction, it also indirectly gives vital
information about other completed tasks on the con-
struction site. For example, the previous construction
of a concrete slab on which the formwork is placed,
or the placed rebars inside two wall formworks. Af-
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Even when adherence to project schedule is the most
critical performance metric among project owners,
still of typical construction projects exhibit
schedule delays. To contribute to more efficient con-
struction progress monitoring, this research proposes
a method to detect the most common temporary ob-
ject classes in large-scale laser scanner point clouds of
construction sites. The proposed workflow includes a
combination of several techniques: image processing
over vertical projections, finding patterns in 3D de-
tected contours, and performing checks over vertical
cross-sections. A deep learning algorithm was lever-
aged to classify these cross-sections for the purpose
of formwork detection. After applying the method on
three real-world point clouds and testing with three
object categories (cranes, scaffolds, and formwork),
the results reveal that the process achieves average
rates above for precision and recall and out-
standing computational performance ( to process
10 points). These metrics demonstrate the method’s
capability to support the automatic segmentation of
point clouds of construction sites.

Nowadays, inefficiencies, such as cost and time over-
runs, occur regularly within the construction indus-
try. According to Mace & Jones (2016) 53 and 66
of typical construction projects record schedule delays
and cost overruns, respectively. Moreover, KPMG re-
vealed in its Global Construction Survey that adher-
ence to the project schedule is not only the most es-
sential performance measure in construction industry
contracts but also the central issue in the execution
of projects (Armstrong & Gilge 2017).

One of the root causes of these issues is that the
monitoring process is still mostly performed manually
in the construction industry. This practice is expen-
sive, labor-intensive, and not comprehensive (Lin &
Golparvar-Fard 2020).

Many approaches have emerged to address this
problem. Current research proposes to compare a 4D
building information model with a point cloud of a
construction site, allowing to track progress (Braun
et al. 2020, Bosché 2012). This tracking is possible be-
cause in a BIM model, all construction elements, be-

sides having 3D geometry, are linked with process in-
formation, enabling them to report the planned state
of construction at any given time. However, one of
the preeminent challenges with this approach is the
presence of temporary construction elements in the
point cloud. These temporary elements are usually
not present in the building information model, and
even worse, may occlude large portions of the per-
manent structures in the point cloud. Therefore, the
presence of these elements makes a reliable compari-
son with the 3D geometry of the model more challeng-
ing. Some of the most common temporary elements
are: scaffolds, formwork, cranes, reinforcement, and
machinery.

To overcome this challenge, the goal of this re-
search is to detect cranes, scaffolds, and formwork in
laser-scanned point clouds of construction sites. Be-
sides the fact that these objects are prevalent on a
construction site, detecting them is useful for the fol-
lowing reasons:

Since the number of cranes and their height varies
depending on the construction phase, this informa-
tion gives a rough idea about the state of the con-
struction progress. Moreover, knowing the exact po-
sition of cranes would allow the verification of com-
pliance with safety regulations, like the distance from
the crane to the building or to other cranes.

Detecting scaffolding components is useful to
track the construction site’s progress and perform
precise safety regulation checks regarding the mini-
mum requirements that scaffold should fulfill, such as
the presence of toe-boards and guard-rails in the right
position. This checks could be done by implement-
ing corroborated methods such as those introduced
by Wang (2019). This last step is crucial because,
as Wang identified, falling from scaffolds is one of the
leading causes of fatal accidents on construction sites.

Identifying the location of the formwork gives cru-
cial information about the exact current state of con-
struction progress. A placed formwork does not ex-
clusively represent a building element that is cur-
rently under construction, it also indirectly gives vital
information about other completed tasks on the con-
struction site. For example, the previous construction
of a concrete slab on which the formwork is placed,
or the placed rebars inside two wall formworks. Af-

ter the detection of formwork elements, the quality
of the construction can also be evaluated. Beyond
the correct position of the formwork itself (relative to
the corresponding wall), the presence of openings and
special elements can automatically be verified.

RELATED WORK

There has been a lot of improvement in automatic
construction progress monitoring in the past decade.
While some researchers based their methods on pho-
togrammetric point clouds (Golparvar-Fard et al.
2011, 2015, Braun et al. 2020, Braun & Borrmann
2019, Braun et al. 2016), others use laser scanner
point clouds (Bosché & Haas 2008, Bosché 2012, Kim
et al. 2013, Bosché et al. 2015, Han et al. 2018). The
existence of a 3D/4D building information model is
implicit for these Scan-vs-BIM approaches. With a
4D model and a point cloud, an as-built vs. as-
planned comparison is possible, allowing the auto-
matic monitoring of the progress (Braun et al. 2020).
However, the presence of temporary building ele-
ments hinders automatic progress tracking. Besides
that, these temporary elements should be detectable,
even without having a BIM model.

Turkan et al. (2014) made initial proposals to
track temporary elements. However, their method
is based on a Scan-vs-BIM approach that requires a
BIM model. Only using point clouds, most of the
related work focuses on the reconstruction of a build-
ing information model from scans (Maalek et al. 2019,
Nikoohemat et al. 2020, Armeni et al. 2016). How-
ever, there is only limited research on the detection
of cranes, scaffold or formwork using point clouds.

While deep learning approaches for point cloud
segmentation seem to be very promising, they still
have three critical shortcomings. One limitation is
the maximum number of points that an algorithm
can process simultaneously (e.g., 1m×1m with 4096
points) (Guo et al. 2019), making the method not
very suitable to detect large objects in large-scale
point clouds directly. A second drawback is the non-
rotational invariant constraint of some techniques,
like the one implemented by Zeng et al. (2020), which
restricts the practice to only find items with known
XYZ-orientation. A third and final drawback is that
extracting the deep point features is usually very
time-consuming and memory-costly (Zeng et al. 2020,
Landrieu & Simonovsky 2018, Hu et al. 2020). Be-
sides that, the successful implementation of a deep
learning algorithm requires a large database of real
labeled data to train the algorithms. Such a database
is at this moment not available for temporary objects
on construction sites.

Other state-of-the-art methods, that do not re-
quire labeled data, like the ones proposed by Xu et al.
(2018) or Wang (2019), take advantage of the verti-
cality of the objects to detect scaffold elements, as
well as in-depth knowledge of the underlying geom-

etry of the objects, like dimensions of the uprights
or possible bay width distances. While still having
some drawbacks, these methods showed promising re-
sults for the specific case of scaffold detection in point
clouds of construction sites.

Further work can be done to detect scaffolds more
efficiently, as well as to recognise additional objects,
such as cranes and formwork elements. These en-
hancements are specifically the goal of this research.

GEOMETRY OF TARGET OBJECTS

This section summarizes necessary specifications
about the target objects’ usual geometry, which is
crucial to detect these objects in a point cloud. Ad-
ditional justification for the selection of certain types
of target objects is also given.

Cranes

Some of the most common types of cranes in the con-
struction industry are the crawler crane, self-erecting
crane, telescopic crane, and tower crane. This re-
search focuses mainly on tower cranes because they
are the most commonly used in the construction of
tall buildings (Böttcher & Neuenhagen 1997, p. 58).

The main components of a tower crane are the
base, mast, slewing unit, operating cabin, jib, and
counter-jib. The mast is generally made of individual
steel trussed sections that are connected. The number
of sections will determine the overall height of the
crane.

While a mast section is always squared, its width
can vary between 1.2 m to 2.5 m depending on the
crane’s type (see Figure 1). To allow the detection of
self-erecting cranes that usually have a smaller mast
width than tower cranes, we use a minimum mast
width of 1 m instead of 1.2 m for crane detection.

Block foundation

Tower crane mast 
(ca. 1.2 m x 1.2 m to
2.5 m x 2.5 m, depending on the type)

Required space 
Figure 1: Top view of a tower crane mast with dimensions

(Schach & Otto 2017, p. 28).

Scaffold

Opposite to sections of a tower cranes mast, scaf-
fold elements consist of different smaller pieces that
are usually manually assembled on the construction
site. These are mainly: uprights, guard-rails, toe-
boards, and work platforms. Additionally, there are
special sections of the scaffold system with diago-
nal braces, stairs, or additional accessories that en-
able the scaffold to adapt to different needs, such
as bridges or extensions, to make the scaffold wider.
This research will focus on detecting faced scaffold
elements.
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Depending on the manufacturer, a scaffold’s exact
geometry can vary, but standardized norms establish
some minimum dimensions. Following DIN EN 12
811-1, the minimum scaffold bay width is 0.6 m, and
while there could be a scaffold bay width of more than
2.4 m, in this research, only scaffold with a maximum
width of 1.2 m will be considered. This considera-
tion is based on the fact that cost-effective scaffold
systems are mainly made in the width classes W06
and W09 (Schach & Otto 2017, p. 240), which have a
width between the selected range (0.6 m to 1.20 m) in
accordance with Table 1 of DIN EN 12 811-1. Simi-
larly, the scaffold bay length could vary between 1.5 m

to 3 m in line with DIN 4420-4. Figure 2 presents the
main components of a scaffold, together with its stan-
dardized minimum and maximum dimensions.

Uprights

Bay length 
(1,5 to 3 m)

Bay width 
(0,6 to 1,2 m)

Guard-rails

Work platform

Toe-board

Figure 2: Main scaffold components and dimension ranges

Formwork

Among the many types of formwork, the most
common are wall, column, and slab formwork. Sim-
ilar to scaffold elements, there could be specialized
types of formwork, and they could also have addi-
tional accessories, for example, working platforms.
However, this research will concentrate on standard
wall formwork.

Whereas the exact geometry of a formwork ele-
ment depends on the manufacturer, the basic idea
of vertical studs and horizontal walings in front of
an interior wall panel always remains constant. The
orthogonality between studs and walings (see red ele-
ments in Figure 8a) together with the wall panel will
be exploited to detect formwork elements.

METHODOLOGY

Overview

The workflow of this research is illustrated in Fig-
ure 3. The first step is a preprocessing of the raw
laser-scanned point cloud, in which down-sampling is
applied, followed by a rotation of the point cloud that

will align it to the building axes.
The second step is the detection of cranes, in

which Regions of Interest (ROIs) that may contain
cranes are separated using image processing tech-
niques over a vertical projection of the point cloud.
Later, an algorithm will search a pattern character-
istic of a tower crane in detected 3D vertical lines,
which will reveal the cranes’ possible positions. Then,
the final location of cranes is determined by applying
checks over vertical cross-section projections. Subse-
quently, scaffold elements are detected with a very
similar procedure as with cranes (see Scaffold detec-
tion).

Laser scanner 
point cloud

Segmented 
point cloud 

1. Preprocess

2. Crane detection

3. Scaffold detection

ROIs Separation

3D Contour detection

4. Formwork detection

Cross-section generation

2D Image classification

Downsampling

Point cloud rotation

Figure 3: Workflow overview.

As the last step, formwork elements are detected.
Here again, the ROIs that might contain formwork el-
ements are prefiltered, vertical cross-sections projec-
tions are generated, and a Machine Learning (ML)
algorithm is leveraged to determine the presence of
formwork elements (see Formwork detection).

Preprocessing

Downsampling

Filtering or downsampling the point cloud is vital for
two reasons: First, it will allow the method to take
advantage of the fact that the point cloud has a rel-
atively uniform density by assuring a certain aver-
age data spacing; and second, it is the first step that
will reduce the computational cost as the number of
points is reduced substantially, always when the orig-
inal resolution is higher than the used leaf size.

To fast sub-sample the point cloud, it is first or-
ganized into an octree with a resolution of 5 m. The
creation of this octree allows the implementation of
the PCL voxel grid method with a leaf size (V Gls) of
5 mm in every leaf voxel of the octree.

Page 150 of 438



Depending on the manufacturer, a scaffold’s exact
geometry can vary, but standardized norms establish
some minimum dimensions. Following DIN EN 12
811-1, the minimum scaffold bay width is 0.6 m, and
while there could be a scaffold bay width of more than

, in this research, only scaffold with a maximum
width of will be considered. This considera-
tion is based on the fact that cost-effective scaffold
systems are mainly made in the width classes W06
and W09 (Schach & Otto 2017, p. 240), which have a
width between the selected range ( to ) in
accordance with Table 1 of DIN EN 12 811-1. Simi-
larly, the scaffold bay length could vary between
to in line with DIN 4420-4. Figure 2 presents the
main components of a scaffold, together with its stan-
dardized minimum and maximum dimensions.

Uprights

Bay length 
(1,5 to 3 m)

Bay width 
(0,6 to 1,2 m)

Guard-rails

Work platform

Toe-board

Among the many types of formwork, the most
common are wall, column, and slab formwork. Sim-
ilar to scaffold elements, there could be specialized
types of formwork, and they could also have addi-
tional accessories, for example, working platforms.
However, this research will concentrate on standard
wall formwork.

Whereas the exact geometry of a formwork ele-
ment depends on the manufacturer, the basic idea
of vertical studs and horizontal walings in front of
an interior wall panel always remains constant. The
orthogonality between studs and walings (see red ele-
ments in Figure 8a) together with the wall panel will
be exploited to detect formwork elements.

The workflow of this research is illustrated in Fig-
ure 3. The first step is a preprocessing of the raw
laser-scanned point cloud, in which down-sampling is
applied, followed by a rotation of the point cloud that

will align it to the building axes.
The second step is the detection of cranes, in

which Regions of Interest (ROIs) that may contain
cranes are separated using image processing tech-
niques over a vertical projection of the point cloud.
Later, an algorithm will search a pattern character-
istic of a tower crane in detected 3D vertical lines,
which will reveal the cranes’ possible positions. Then,
the final location of cranes is determined by applying
checks over vertical cross-section projections. Subse-
quently, scaffold elements are detected with a very
similar procedure as with cranes (see Scaffold detec-
tion).

Laser scanner 
point cloud

Segmented 
point cloud 

1. Preprocess

2. Crane detection

3. Scaffold detection

ROIs Separation

3D Contour detection

4. Formwork detection

Cross-section generation

2D Image classification

Downsampling

Point cloud rotation

As the last step, formwork elements are detected.
Here again, the ROIs that might contain formwork el-
ements are prefiltered, vertical cross-sections projec-
tions are generated, and a Machine Learning (ML)
algorithm is leveraged to determine the presence of
formwork elements (see Formwork detection).

Filtering or downsampling the point cloud is vital for
two reasons: First, it will allow the method to take
advantage of the fact that the point cloud has a rel-
atively uniform density by assuring a certain aver-
age data spacing; and second, it is the first step that
will reduce the computational cost as the number of
points is reduced substantially, always when the orig-
inal resolution is higher than the used leaf size.

To fast sub-sample the point cloud, it is first or-
ganized into an octree with a resolution of 5 m. The
creation of this octree allows the implementation of
the PCL voxel grid method with a leaf size ( ) of
5 mm in every leaf voxel of the octree.

Table 1: Parameter Summary

Parameter Description Wall Crane Scaffold Formwork

hmin [m] Minimum object height 1.2 0.7 0.2 0.075

S Structural element with its size R10x10 R10x10 E5x5 R10x10

Di Number of dilation iterations 5 3 6 6

Amin [m2] Minimum blob area 1.5 0.0075 0.002 0.25

Amax [m2] Maximum blob area MAX 0.3 0.075 MAX

lmin [m] Minimum merged lines length N/A 1.5 0.4 N/A

Point cloud rotation

This step aims to rotate the point cloud so that it is
aligned with the building’s principal axes. This align-
ment will allow taking advantage of the rectangular
grid that usually the building’s floor plans follow (also
known as Manhattan World).

This rotation is done in two main steps:
1) Walls ROIs Separation with image processing in a
vertical projection, and 2) determination of the final
angle of rotation with 2D detected lines.

Before applying this method, the point cloud has
to be divided into different building floors, for this,
the user has to enter manually the minimum and
maximum Z values of the corresponding floor to be
analyzed. This separation is a requirement for the
process to be able to filter objects by their minimum
height. Figure 4 illustrates a building’s first floor.

Figure 4: Clipped first floor of the Test dataset Nr. 2.

Walls ROIs separation

As usually all large load-bearing walls are aligned
with the building’s structural axes, they are first sep-
arated from the rest of the point cloud.

As the point cloud was already downsampled, it
is known that the minimum distance between two
points is 5 mm. Therefore, the point cloud projec-
tion in a grayscale accumulation image, which stores
the number of points projected on each pixel, allows
the differentiation of the objects by their minimum
height. For example, considering the presence of oc-
clusions in the point cloud and the possible presence
of formwork covering the walls, it is assumed that
vertical walls may have at least 1.2 m (hmin) of height,
which is around half of the height of an average wall.

Subsequently, ten iterations of a morphological di-
lation with a structural element (S) with a rectangu-
lar shape of size 10 x 10 (SR10), will join small blobs
that are close to each other and may conform more
oversized objects (as shown in Figure 5b). Later the
blobs can be separated by its number of white pixels.
Since the grid side length used to create the vertical
projection has a value of 5 mm, one square meter in
the point cloud is then represented by a region con-
taining 40.000 pixels in the image.

For example, for walls a minimum area of Amin =

1.5 m
2 was considered to be more appropriate (see in

Table 1 all parameters). Figure 5c shows the final
wall ROIs, which are the result of filtering the blobs
by size in a dilated vertical projection after passing a
height threshold.

(a) (b) (c)

Figure 5: Wall ROIs in a vertical projection: (a) original vertical projection (for better visibility, the inverted binary version is shown
here); (b) binary image after threshold and dilation, notice here that the two surfaces of the walls now form one single large blob; (c)

final Wall ROIs (Wregions) after separation by blob size. Test dataset: Nr. 2.
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(a) (b) (c) (d)
Figure 6: Detection of possible crane lines: (a) original point cloud with a red ellipse indicating the location of the crane; (b) Crane

ROIs in (a), notice the presence of other thin and tall objects in addition to the crane; (c) detected 3D contours in (d) ;(d) filtered
merged vertical lines from (c). Test dataset: Nr. 1.

Angle of rotation with 2D lines

Once the ROIs of large walls are isolated in Wregions,
this image is used as a mask to filter the original ver-
tical projection. Using the probabilistic Hough trans-
form algorithm (Mukhopadhyay & Chaudhuri 2015),
with an angular resolution of π/(180 · 100), 2D lines
are fitted in this filtered vertical projection. Finally,
the angle of rotation is determined using the k-means
algorithm (Ahmed et al. 2020) over a 1D histogram
of the slopes of the previously detected 2D lines.

Once the point cloud is downsampled and aligned
with the axes of the coordinate system, the next step
is the detection of the target objects.
Crane detection

The detection of cranes starts with a similar step as
the one used to separate the wall ROIs but with dif-
ferent parameters of minimum height, dilation, and
blob size (see Table 1). This step will efficiently filter
out points that are more likely to belong to a crane
from the rest of the point cloud. In Figure 6b, all the
elements that pass the filter are shown.

In the next step, 3D contours are efficiently de-
tected with the algorithm provided by Lu et al.
(2019). Figure 6c illustrates the 3D line detection
results in a point cloud with the crane ROIs.

Subsequently, the vertical lines are projected in
the XY-plane and then merged in single lines if there
is a maximum distance of 20 cm between them, con-
sidering that the detected lines could be in any of the
four borders of the steel profiles, which have a width
of around 12.5 cm (Yasmin 2019). These merged lines
are then also filtered by their length (see lmin in Table
1), resulting in the lines presented in Figure 6d.

Now that the vertical lines are detected, the pat-
tern that characterizes a crane will be searched in
these vertical lines. As explained before, the mast of
tower cranes always has a characteristic square sec-
tion, with a lateral size between 1 m and 2.5 m. There-
fore, the main goal of this step is to find four verti-
cal lines, which follow this geometric pattern. To do
so, the algorithm will first search for pairs of vertical
lines that are between 0.8 m and 2.7 m apart (± 0.2 m

of the original range). Then, to ensure that the se-
lected lines are in similar height ranges, the algorithm
checks that the Z value ranges overlap.

Figure 7a illustrates the four possible regions

where the other two steel profiles could be present.
These are according to the standard dimensions of
cranes, which are illustrated in Figure 1.

0.9 m
r = 0.3 m

1.2 m
0.6 m

0.9 m
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r = 0.2 m
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(a)

0.9 m
r = 0.3 m

1.2 m
0.6 m

0.9 m

1.5 m - 3 m
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r = 0.2 m

d

d d

d

(b)
Figure 7: Location of possible lines: top view of the vertical
lines (a) in green the crane lines, (b) in red scaffold lines. A

pair of vertical lines are indicated with a dashed line. The other
pair could be in the blue regions. These regions result from an
offset to the left and the right from the first detected pair in the
middle. In both examples, the other couples were successfully

found, since they are in the blue regions.

Afterwards, to determine whether the four lines
indeed represent a crane or not, three checks are car-
ried out. First, if there is a crane, points should be
present between every two continuous vertical lines.
The second check examines the presence of a horizon-
tal line between these vertical lines, with a length of
at least 80 % of the distance between them. Finally,
and exclusively for cranes, a total height check re-
veals the ultimate location of the detected cranes. As
cranes are usually the highest objects in a construc-
tion site, their height should not be lower than 10 m

below the point cloud’s maximum Z value. This last
check serves to differentiate the cranes from similar
but lower elements such as shoring.

Scaffold detection

The scaffold detection process follows very similar
steps as the crane detection, with two main differ-
ences: Firstly, the threshold values of the ROIs sep-
aration phase are different (see Table 1). Secondly,
detecting the pattern on vertical lines is also adjusted
to detect not only square but also rectangular pat-
terns that are characteristic for a scaffold. This ad-
justment is done with the distances shown in Figure
7b, in accordance to the regulations regarding scaffold
dimensions, as shown in Figure 2.
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Once the ROIs of large walls are isolated in regions,
this image is used as a mask to filter the original ver-
tical projection. Using the probabilistic Hough trans-
form algorithm (Mukhopadhyay & Chaudhuri 2015),
with an angular resolution of , 2D lines
are fitted in this filtered vertical projection. Finally,
the angle of rotation is determined using the k-means
algorithm (Ahmed et al. 2020) over a 1D histogram
of the slopes of the previously detected 2D lines.

Once the point cloud is downsampled and aligned
with the axes of the coordinate system, the next step
is the detection of the target objects.

The detection of cranes starts with a similar step as
the one used to separate the wall ROIs but with dif-
ferent parameters of minimum height, dilation, and
blob size (see Table 1). This step will efficiently filter
out points that are more likely to belong to a crane
from the rest of the point cloud. In Figure 6b, all the
elements that pass the filter are shown.

In the next step, 3D contours are efficiently de-
tected with the algorithm provided by Lu et al.
(2019). Figure 6c illustrates the 3D line detection
results in a point cloud with the crane ROIs.

Subsequently, the vertical lines are projected in
the XY-plane and then merged in single lines if there
is a maximum distance of between them, con-
sidering that the detected lines could be in any of the
four borders of the steel profiles, which have a width
of around (Yasmin 2019). These merged lines
are then also filtered by their length (see in Table
1), resulting in the lines presented in Figure 6d.

Now that the vertical lines are detected, the pat-
tern that characterizes a crane will be searched in
these vertical lines. As explained before, the mast of
tower cranes always has a characteristic square sec-
tion, with a lateral size between and . There-
fore, the main goal of this step is to find four verti-
cal lines, which follow this geometric pattern. To do
so, the algorithm will first search for pairs of vertical
lines that are between and apart (
of the original range). Then, to ensure that the se-
lected lines are in similar height ranges, the algorithm
checks that the Z value ranges overlap.

Figure 7a illustrates the four possible regions

where the other two steel profiles could be present.
These are according to the standard dimensions of
cranes, which are illustrated in Figure 1.
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Afterwards, to determine whether the four lines
indeed represent a crane or not, three checks are car-
ried out. First, if there is a crane, points should be
present between every two continuous vertical lines.
The second check examines the presence of a horizon-
tal line between these vertical lines, with a length of
at least of the distance between them. Finally,
and exclusively for cranes, a total height check re-
veals the ultimate location of the detected cranes. As
cranes are usually the highest objects in a construc-
tion site, their height should not be lower than
below the point cloud’s maximum Z value. This last
check serves to differentiate the cranes from similar
but lower elements such as shoring.

The scaffold detection process follows very similar
steps as the crane detection, with two main differ-
ences: Firstly, the threshold values of the ROIs sep-
aration phase are different (see Table 1). Secondly,
detecting the pattern on vertical lines is also adjusted
to detect not only square but also rectangular pat-
terns that are characteristic for a scaffold. This ad-
justment is done with the distances shown in Figure
7b, in accordance to the regulations regarding scaffold
dimensions, as shown in Figure 2.

(a) (b) (c)
Figure 9: Automatically segmented point clouds: (a) dataset Nr. 1; (b) dataset Nr. 2 (as it is originally colorless, it is shown here with

height ramp gray-scale colors); (c) dataset Nr. 3. In green detected cranes, in blue detected scaffolds, and in red detected formwork
elements.

Formwork detection

The formwork detection procedure differs from the
other two presented detection processes in two as-
pects: Firstly, while the threshold values are very
similar to those used for wall ROIs separation, once
the ROIs with formwork are separated from the whole
point cloud, they are then filtered in blobs that are
aligned to the X and Y-axes. Secondly, in every
aligned blob point cloud, vertical cross-sections are
generated and classified with a Deep Learning (DL)
algorithm, revealing the location of the formwork el-
ements.

To find the right location where these cross-
sections must be created, 2D lines are detected in
a vertical projection of the point cloud in every blob.
For horizontal blobs, the algorithm search for the low-
est and the highest horizontal lines. If the difference
between them is larger than 11 cm (the minimum
width of formwork (PERI 2014, p. 42)), then there
might be a formwork element. To finally identify
which blobs contain formwork elements, two vertical
cross-sections are generated for every blob, one from
the top and another from the bottom. Then a DL al-
gorithm classifies these cross-sections as formwork or
non-formwork. Something unique about these cross-
sections is that they contain depth information; this
enables the DL algorithm to consider the exterior
studs and walings as well as the interior wall plane
surface.

The PyTorch C++ frontend was used to train and
test the used DL algorithm. The neural network used
consists of five convolutional layers with max-pooling
and ReLU activation and three fully connected layers.
244 images were used to train the model; these were
generated with dataset Nr. 1, and a data augmenta-
tion step. Figure 8 shows a subset of these images.

(a) (b)

Figure 8: Set of vertical cross-section to classify formwork: (a)
formwork; (b) non-formwork.

RESULTS AND DISCUSSION

The proposed method’s performance was validated
on three different point clouds from a construction
site in Germany acquired at different stages of the
construction progress with a terrestrial laser scanner,
specifically with the FARO Laser Scanner Focus S
350 Plus.

Table 2 enumerates the different datasets, provid-
ing additional information about their aligned dimen-
sions, the area they cover, and the number of points
they contain. Figure 9 presents the segmentation re-
sults of the three data sets.

Table 3 shows the validation results for every
dataset, giving every target object precision and re-
call. These were calculated based on the number of
points on the respective segmented point cloud.

Table 2: Point cloud Datasets.

Nr. ∆x, ∆y, ∆z

[m]

Area

[m2]

Nr. of points

1 71, 58, 46 4,118 127,121,272

2 53, 60, 46 3,180 223,272,813

3 39, 78, 25 3,042 67,213,140

The proposed algorithms were all developed in
C++ and tested on a laptop with a 2.80 GHz CPU
and GTX 1050 GPU. Table 4 presents the times in
seconds of the main steps for each dataset.
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Table 3: Validation Results for each dataset.

Nr. Object Precision Recall

1

Crane 100.0 % 100.0 %

Scaffold 100.0 % 100.0 %

Formwork 85.1 % 68.1 %

2

Crane 100.0 % 100.0 %

Scaffold 89.1 % 95.1 %

Formwork 36.4 % 90.3 %

3

Crane 100.0 % 100.0 %

Scaffold 100.0 % 82.6 %

Formwork 85.1 % 100.0 %

Overall 88.4 % 92.9 %

Table 4: Conputational time in seconds for each dataset.

Step
Dataset Number

Nr.1 Nr.2 Nr.3

Preprocessing 67 103 34

Crane detection 51 381 95

Scaffold det. 168 2245 726

Formwork det. 153 148 72

Total

time

[s] 439 2877 927

[min] 7.3 48.0 15.5

(a) (b)

Figure 10: False negative scaffolds: (a) non-detected scaffold
in dataset Nr. 2; (b) one instances of a non-detected scaffold in

dataset Nr. 3. The colors in this figure are according to the
height of the points.

Discussion

The results produced by the proposed technique
are promising. While cranes and scaffold detection
achieve precision and recall above 82.6 %, there is
more room for improvement regarding formwork de-
tection, where the minimum rates were 36.4 % and
68.1 %. There are two main reasons for these low met-
rics: Firstly, the method classifies sections of point
clouds as formwork or non-formwork. This fact re-
sult in low precision in cases when, e.g., only half of
a large wall is covered by formwork. Secondly, the
low recall in dataset Nr. 1 is due to the presence of
occlusion in foundation formwork. This dataset was
acquired with only 11 scans, leaving several founda-
tion formworks, located in their respective excavation
pits, very occluded.

(a) (b)

Figure 11: Similar objects (a) cross-sections of scaffold (left)
stacking pallets (right), the latter are wrongly classified as

scaffolds; (b) cross-sections of cranes (up) shoring (down), the
latter have similar cross-sections as cranes.

The precision of scaffold detection was affected by
stacking pallets for props, which were wrongly clas-
sified as scaffold elements. This misclassification is
caused by the fact that those elements show four ver-
tical lines in the scaffold ranges and their cross-section
also has a horizontal line, as illustrated in Figure 11a.
Occlusions were again the cause why the recall was
not perfect. As shown in Figure 10, even if only one
up-right was occluded, the method is not able to de-
tect the scaffold.

While the crane detection results are impressive,
there are cases when the method will not work. For
example, when banners are hanging on the side of the
tower crane. With these elements, the proposed tech-
nique will prefilter the crane as a wall in the ROIs sep-
aration step. This issue is also present in the case of
scaffolds covered with safety screens. Another inter-
esting finding in this research is that shoring elements
and cranes have very similar cross-sections, as shown
in Figure 11b. To avoid this problem, the total height
of the elements relative to the maximum point cloud
height is compared. However, this solution implies
the manual deletion of the jib of the crane.

The technique proposed by Wang (2019) relies on
a first manual point cloud clipping of a small region
where scaffolds are present. Since it takes the convex
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The results produced by the proposed technique
are promising. While cranes and scaffold detection
achieve precision and recall above , there is
more room for improvement regarding formwork de-
tection, where the minimum rates were and

. There are two main reasons for these low met-
rics: Firstly, the method classifies sections of point
clouds as formwork or non-formwork. This fact re-
sult in low precision in cases when, e.g., only half of
a large wall is covered by formwork. Secondly, the
low recall in dataset Nr. 1 is due to the presence of
occlusion in foundation formwork. This dataset was
acquired with only 11 scans, leaving several founda-
tion formworks, located in their respective excavation
pits, very occluded.

The precision of scaffold detection was affected by
stacking pallets for props, which were wrongly clas-
sified as scaffold elements. This misclassification is
caused by the fact that those elements show four ver-
tical lines in the scaffold ranges and their cross-section
also has a horizontal line, as illustrated in Figure 11a.
Occlusions were again the cause why the recall was
not perfect. As shown in Figure 10, even if only one
up-right was occluded, the method is not able to de-
tect the scaffold.

While the crane detection results are impressive,
there are cases when the method will not work. For
example, when banners are hanging on the side of the
tower crane. With these elements, the proposed tech-
nique will prefilter the crane as a wall in the ROIs sep-
aration step. This issue is also present in the case of
scaffolds covered with safety screens. Another inter-
esting finding in this research is that shoring elements
and cranes have very similar cross-sections, as shown
in Figure 11b. To avoid this problem, the total height
of the elements relative to the maximum point cloud
height is compared. However, this solution implies
the manual deletion of the jib of the crane.

The technique proposed by Wang (2019) relies on
a first manual point cloud clipping of a small region
where scaffolds are present. Since it takes the convex

(a) (b)

Figure 12: Detected groups of vertical elements for cranes only
using the vertical lines: (a) detected vertical lines; (b) the

corresponding point cloud inside the regions delimited from the
groups of vertical lines. Note that even when there is only a
single crane, the code detected more elements with the same

pattern in vertical lines. Most of them are props (in the middle
of the image (b)) and shoring (in the right).

hull of the detected uprights in a 2D projection, it
will not filter successfully only scaffold elements in
cases when many of them are present, like in the Test
dataset Nr. 3 of this paper. On the contrary, the
technique proposed here can be applied directly on
large datasets, without restrictions on the amount or
position of the scaffold instances.
Xu et al. (2018) limited their approach to detecting
scaffolds next to a facade and with a particular bay
width of 0.8 m. Considering more possible scaffold di-
mensions makes the proposed technique more robust.
However, it will give lower performance than Xu et al.
(2018) in low-quality point clouds.

Regarding the computational time, the method re-
quires in average 1 s to process 105 points. However,
it takes much more time in dataset Nr. 2 compared
to the other two datasets. The reason for that is the
presence of shoring and props that support slab form-
work. As illustrated in Figure ??, these elements have
the same pattern in vertical lines as cranes. Therefore
the method has to generate many cross-sections and
perform the occupancy and the horizontal line check,
demanding more time.

Nonetheless, in comparison with Wang (2019),
the technique does not generate horizontal slices ev-
ery 0.05 m and fits circles in each of them, which
certainly requires more time. Additionally, in com-
parison with the deep learning method proposed by
Zeng et al. (2020), their approach would require 15 s
only to extract the deep features from a point cloud
with 105 points. This is 15 times more than the av-
erage time that the proposed technique requires to
detect the three target objects. However, their tech-
nique would be more appropriate to recognize objects
with more complex geometries.

CONCLUSIONS

This paper investigated the detection of temporary
elements in a construction site’s point cloud, with-
out the need of a previous integration with a BIM
model and exploding mainly the objects’ verticality
to achieve a fast detection. In conclusion, one could
argue that as long as there is a way to infer pri-
mary geometrical constraints on the target objects,

it is possible to achieve awe-inspiring performance on
a 3D object detection problem. This achievement is
not only in terms of accuracy but also in computa-
tional time.

In this research, the target objects’ vertical orien-
tation and their minimum height, and other geomet-
rical features played a crucial role in detecting them.
Such a technique would not apply to all objects (e.g.,
deformable objects). Nonetheless, the process is not
limited to a few given examples or object size restric-
tions.

Furthermore, using 2D and 2.5D projections al-
lows the implementation of a very efficient method
to filter and detect objects on massive point clouds.
Finally, implementing a deep learning algorithm to
classify 2.5D vertical cross-section projections proved
to be very suitable for formwork classification, facili-
tating also a future possible extension of the method
to detect other elements, e.g., reinforcement, contain-
ers, fences, etc.

Future work

Additional validation on more datasets, with tempo-
rary objects from different manufacturers will serve
to test and improve the robustness of the method.
Moreover, the recognition of vertical and horizontal
placed reinforcement would complete the primary set
of not permanently-visible objects that determine the
current state of the construction progress.

Later, to achieve a fully automated construc-
tion monitoring, the integration with a detailed 4D
building information model containing the perma-
nent structures’ geometry and time information is re-
quired, as done by Braun et al. (2020). This integra-
tion should be easier after the detection of the tem-
porary objects and would also enable identifying and
verifying openings and essential building elements in
the right location on the construction site.

Subsequently, and as done by Kim et al. (2020), an
automated dimensional quality assessment can also
be performed to ensure compliance with the struc-
tural plans.

Safety regulations can also be verified in cranes
and scaffold elements, for the latter Wang (2019) al-
ready proposed a method that requires the detection
of every component of the scaffolds, such as guard-
rails, toe-boars, and working platforms.
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ABSTRACT 

The evaluation of roadways utilizing  complex 
contemporary datasets  is currently conducted 
periodically because of the collection methods’ high cost. 
The study presents a data-driven framework on the use of 
a  vehicle, a smartphone, an on-board diagnostic (OBD) 
device and machine learning for the rating of pavement 
surfaces. The proposed system architecture has been field-
tested for the detection of pavement anomalies and the 
classification of five rating categories. Further, the 
proposed system may provide daily information on 
roadway pavement surface conditions, which can be used 
by engineers for automating the planning of pavement 
maintenance operations and improving public safety. 

INTRODUCTION 

The frequent monitoring of roadway pavements and their 
reliable evaluation has gained high significance during 
recent years, for many reasons. Firstly, the pavement 
surface condition is one of the key metrics for providing 
a safe and high-quality driving experience (Federal 
Highway Administration, 2010). Secondly, roadway 
anomalies such as speed bumps (if they are not 
constructed under regulations), potholes and patches are 
the most annoying obstacles faced by vehicles, drivers 
and passengers. Thirdly, roadway surface anomalies can 
damage vehicles and, most often, be the reason for car 
accidents. In fact, the most road accidents are caused by 
the poor condition of roads (World Health Organization, 
2015). Fourthly, bad pavements are a big problem for 
vehicles and drivers because the deterioration of the 
roadway network leads to more expensive maintenance, 
not only for the roadway itself but also for vehicles.  

To date, the methodology used for collecting 
pavement distress data utilises surveys which address an 
evaluation or a detailed measurement of distress (Walker 
et al., 2002). The collection of the pavement data can be 
either manual, from a moving vehicle or by ‘walking’ the 

roadway, or automated, by the use of vehicles fitted with 
specialized cameras and sensors (AASHTO, 1990). 
Another approach is to use existing technologies such as 
light detection and ranging (LIDAR) or other commercial 
products (Roadscanners, 2020).  Currently, in the USA 
are used specialized high-end vehicles capable of 

detecting and mapping roadways conditions. The overall 
cost and maintenance of the above equipment are very 
high which reduces the system’s feasibility. As a 
consequence, pavement agencies evaluate roadway 
quality approximately only once per year, mainly because 
the existing practices of assessment pavement network are 
high-priced (high-end vehicle cost: approximately one 
million dollars) (Fugro Roadware, 2015). 

The principal goal of this research is to devise a low-
cost vibration-based data acquisition and pavement 
anomaly detection method and a reliable rating system for 
categorising pavement surface anomalies. 

Currently, the widespread usage of smartphone 
technology has gained noteworthy consideration within 
the infrastructure, transportation and vehicle industries for 
many reasons. Given the escalating popularity of 
smartphones, their high processing power and their ability 
to transfer data over wireless or General Packet Radio 
Service (GPRS) networks, smartphone-based 
technologies and applications have emerged as an 
efficient and low-cost alternative to traditional 
approaches. This is possible because standard-model 
smartphones come with a variety of built-in sensors such 
as accelerometer, gyroscope and Global Positioning 
System (GPS) sensors. For the above reasons, this 
research utilizes smartphone applications (e.g. the 
DashCommandTM app) coupled with On-Board 
Diagnostic (OBD) Bluetooth devices (e.g. OBD II ELM 
327) and an architecture which enables the real-time 
communication of smartphone and vehicle system 
(Controller Area Network, CAN, bus) sensor data, 
complimented with machine-learning algorithms for 
subsequently processing the sensed data and deducing 
knowledge from the pavement sensing process.  

With regard to the methodology employed in this 
research, due to the reduced precision of smartphone 
devices compared to expensive hardware for road 
profiling, the proposed system is based on the use of 
participatory sensing, signal processing techniques and 
machine learning for pattern recognition, knowledge 
extraction and reinforcement. This information when 
analyzed can be timely and periodically disseminated to 
travellers and involved agencies in the form of pavement-
rating maps of the roadway network.  

A PAVEMENT RATING SYSTEM BASED ON MACHINE LEARNING 
 

Charalambos Kyriakou and Symeon E. Christodoulou 
University of Cyprus, Nicosia, Cyprus 
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In addition to this short introduction, a state of the art 
section presents an outline of past and ongoing work 
related to the development of a rating system for roadway 
pavements by use of smartphone accelerometers and 
gyroscopes. A section on the proposed methodology 
presents the data collection system and the analysis 
method, while the results and discussion section includes 
the processes and tools used to rate roadways based on the 
sensed data. The paper concludes with the key findings 
and with an outline of future work. 

LITERATURE REVIEW 

In developed countries, pavement agencies utilize 
specialized platforms for the assessment of roadway 
pavements, which are hosted on expensive pavement 
evaluation vehicles. These platforms typically use 
machine-vision and laser technologies, and they can 
detect all surface distresses types, providing a reliable 
standard rating system for pavement surface. The costs 
related to existing technologies are comprised of several 
cost components (e.g. software, data collection, database 
set-up, consulting services, training and personnel costs) 
(AASHTO, 1990) and the typical combined unit cost of 
pavement imaging and analysis ranges from $15 to $52 
per kilometre (McGhee, 2004). Because of this high unit 
cost, the evaluation of road networks by current 
automated methods is typically conducted no more than 
once a year. In such an evaluation process, very important 
are the stages related to data collection, the classification 
and the spatial mapping of pavement conditions. For that 
reason, a plethora of researches have already published 
works on low-cost pavement surface condition 
assessment using smartphones and machine learning 
techniques. Related work is discussed below. 

Seraj et. al. (2014) proposed a system that detects road 
surface anomalies utilizing smartphones equipped with 
accelerometers and gyroscopes (sampling rate of 93Hz). 
They applied wavelet transform analysis for signal 
processing of inertial sensor signals and Support Vector 
Machine (SVM) for anomaly detection and classification. 
The obtained results showed a consistent accuracy of 90% 
on detecting severe anomalies regardless of vehicle type 
and road location. 

Allouch et al. (2017) utilized an accelerometer, a 
gyroscope and a GPS sensor for collecting roadway data 
and for plotting the road location trace in Google map. 
Three algorithms were tested: decision tree C4.5, SVM 
and Naïve Bayes. The decision tree C4.5 algorithm 
showed consistent accuracy of 98.6%. 

Souza et al. (2018) proposed a low-cost system to 
monitor and evaluate pavement surface conditions in real-
time utilizing smartphone sensors, signal processing and 
machine learning algorithms. Accelerometer sensors were 
employed to measure the vehicle vibration while driving 
and these data were used to evaluate roadway condition. 
Their system achieved a classification performance of 
90% in a five-class problem considering the following 
road qualities: Good, Average, Fair, Poor and obstacles.  

Alam et al. (2020) aimed to develop a system that 
detects three road events, speed-breakers, potholes and 
broken road patches, over smooth and rough roads. The 
system’s first phase used robust auto-orientation and auto-
tune thresholding algorithms, the second phase utilized 
decision tree based classifier to reduce false-negative and 
false-positives and the third phase applied a k-medoids 
clustering to geo-localized detected events over a map 
service. 

Kyriakou et al. (2018,2019) proposed a low-cost 
pavement monitoring system to obtain up-to-date 
information about the most common road surface 
anomalies with the use of a typical smartphone and 
vehicle. Robust regression analysis, Artificial Neural 
Networks (ANN) and bagged trees were used to analyze 
smartphone sensors data. The proposed system was field-
tested (accuracy levels higher than 90%) and it is 
currently expanded to include a bigger number of 
pavement surface anomalies.  

As shown in Table 1, the aforementioned researchers 
used several machine-learning techniques to evaluate 
pavement surface conditions. 

Table 1: Comparison of related machine-learning research in 

pavement condition monitoring. 

Reference Detected/ 
Categories 

Detection/ 
Classification 

Method 

Reported 
Accuracy 

Seraj et al 
(2014) 

Span, Mild, 
Severe 

Wavelet 
Analysis, 

SVM 

90% 

Allouch et 
al. (2017) 

Smooth, 
Potholed 

C4.5 Decision 
Tree Classifier, 

SVM, Naïve 
Bayes 

98.6% 

Souza et 
al. (2018) 

Good, 
Average, 

Fair, Poor, 
Obstacles 

Signal 
Processing 

Techniques, 

SVM 

90% 

Alam et al. 
(2020) 

Speed 
breakers, 

potholes over 
a smooth road 

and rough 
road 

Thresholding 
Algorithms, 

Decision Trees, 

K-medoids 
clustering 

90% 

Kyriakou 
et al. 

(2018, 
2019) 

Cracks, 
Rutting 

ravelling, 
patching and 

potholes 

Robust 
Regression, 

ANN, Bagged 
Tress 

98% 

METHODOLOGICAL SETUP 

System Overview and data collection methodology 

The paper focuses on the detection of speed bumps, 
patches, potholes and the development of a five-class 
rating pavement surface condition system utilizing nine 
different sections of roadways (of 10 Km total distance; 
approximately 20 data points per GPS location; 21059 
total data points, of which 220 data points referred to 
speed bumps, 60 data points to patches and 100 data 
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points to potholes). The system architecture, shown 
schematically in Figure 1, utilizes data from a smartphone 
and server-based unsupervised learning algorithms to 
analyze the acquired data. The processed information on 
the location of the detected speed bumps, potholes and 
patches and on the deduced rating category of pavement 
surface are then disseminated to pavement agencies and 
road users. 

 
Figure 1: System components 

Experimental design 

The experimental setup for the data acquisition is as 
shown in Table 2. The data collection was performed on 
several urban roads using a car, a smartphone fitted with 
the DashCommandTM application and an OBD II 
Bluetooth reader (ELM 327). Vehicle and smartphone 
sensor data were transmitted through the smartphone 
application to a data server for processing (and storing) 
via a digital cellular or Bluetooth connection. The 
smartphone was mounted on the car’s windshield and for 

visually verifying the existence of the pavement 
condition, the smartphone had also its video camera active 
for recording the routes travelled. The collected dataset, 
containing several motions and vibration datafields, is 
collected at intervals of 0.1 seconds and relates to both 
uni-dimensional (e.g. speed) and two-dimensional 
indicators (e.g. the vehicle’s roll and pitch values). 

Table 2: Experimental setup summary 

 Parameters considered 

Location  Lakatamia, Cyprus 

Distance  10 Km 

Detection Speed bump, Patches, Potholes 

Vehicle Nissan Qashqai 

Smartphone Samsung Galaxy S8 

Mount point Dashboard 

System Design and Methodology 

Mathematically, the proposed methodology is based on 
rigid-body dynamics and the ability to express any three-
dimensional rotation as a combination of yaw, pitch and 
roll rotations. A variety of regression analyses was 
performed to investigate the statistical significance of 
each datafield, with robust regression analysis eventually 
selected (Kyriakou et al. 2019) because it analyses highly 
contaminated data by detecting outliers from both 
dependent and independent variables (R2=1). As reported 
in Kyriakou et al. (2019), the forward and lateral 
acceleration, and the vehicle roll and pitch variables were 
the most significant statistical variables (with p-values 
≤0.05) from the initial dataset (of about 190 variables). 
The reduced dataset of the aforementioned four variables 

was then fed into several unsupervised machine-learning 
algorithms for clustering purposes. A simplified flowchart 
of the data collection and analysis process used is depicted 
in Figure 2. 

 
Figure 2: System flowchart 

RESULTS AND DISCUSSION 

To prepare the data for the clustering phase, during which 
the sensed roadway pavement features are clustered into 
five pavement categories based on the four most 
statistically significant factors according to the robust-
regression analysis, the sensed vibration data was 
aggregated by GPS location and the dataset’s 

dimensionality reduced.  

Feature Extraction 

Feature extraction is the process of dimensionality 
reduction by which an initial set of raw data (in our case, 
21059 raw data x 4 variables) is reduced to more 
manageable groups for processing (in our case, 1031 data 
x 4 variables for K-means clustering, or 1031 data x 1 
variable for K-medoids clustering). The study presented 
herein examined several time-domain features as data 
aggregators (e.g. the mean, standard deviation and 
variance of the original signals at each GPS location). For 
example, a standard-deviation analysis was performed for 
each geographical point (thus, the original 20 datapoints 
per geographical point were converted into a single point 
– 21059 / 20 total data points ~ 1031 total data points) in 
which analysis each GPS point is characterized by the 
standard deviation of the observed signal values at the 
point.  
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Clustering  

Upon completion of the feature extraction phase, the data 
is fed into an unsupervised machine-learning algorithm 
for clustering analysis. Clustering analysis is one of the 
main analytical methods in data mining and it is of wide 
use and great importance, and clustering is, in essence, a 
classification process in which data are grouped into 
groups of similar features. A cluster is thus a collection of 
data which are similar to each other, but they are 
dissimilar to the data belonging to other clusters. The 
prevalent clustering methods can be classified into five 
categories (partitioning, hierarchical, density-based, grid-
based and model-based methods), with the partitioning 
methods being the most well-known and commonly used 
clustering methods. Partitional clustering techniques 
create one-level partitioning of the data points, and most 
widely partitioning methods are the k-means and the k-
medoids method, and their variations. Both techniques are 
based on a single centre point which presents a cluster. 
Nowadays, cluster analysis tools based on k-means, k-
medoids and several other methods have been built into 
several statistical analysis software (such as SPSS and 
NCSS). 

K-means clustering 

At first, the smartphone-based datasets were fed into the 
k-means clustering algorithm for unsupervised machine 
learning. K-means is the most popular partition-based 
clustering algorithm and in the k-means method, a 
centroid is used which is the mean or median of a group 
of points. It should be noted that the cluster’s centroid 
rarely corresponds to an actual data point. First, upon 
definition of the number of clusters to use (k), the k-means 
algorithm randomly selects k points as the initial 
centroids. Secondly, the algorithm assigns all data points 
to the closer centroid. Thirdly, it recomputes the centroid 
of each cluster based on the assignment of points to the 
clusters. Finally, it repeats the previous steps until the 
computed centroids in two successive iterations do not 
change.  

The objective (E) of the k-means clustering is to 
minimize the Euclidean sums of squared deviations of 
objects from the cluster mean. 

 E = ∑ ∑ |𝑥𝑥 − 𝑚𝑚𝑖𝑖|2𝑥𝑥𝑥𝑥𝐶𝐶𝑖𝑖𝑘𝑘𝑖𝑖=1                     (1) 
 

 

E = the sum of the square error of all objects in the data 
set 
c = cluster 
x = the point in space representing the given object 
m = the mean of the cluster 
 

In the case-study dataset, system-best results were 
obtained when clustering the standard deviation of the 
forward & lateral acceleration and the vehicle pitch & roll 
variables into five classes (i.e. k=5), with k=1 the class 
corresponding to the ‘very good’ pavement condition and 

k=5 the class corresponding to the ‘very bad’ pavement 

condition. As ground truth for verifying the method’s 

detection accuracy of speed bumps, patches and potholes, 
the smartphone’s recorded video was used. The resulting 

clusters correctly classify speed bumps, patches and 
potholes in category five (worst category). By contrast, 
the k-means method misclassifies the other four 
categories because the algorithm is sensitive to outliers, 
since an object with an extremely large value may 
substantially distort the distribution of the data. 
Furthermore, the method requires several passes on the 
entire dataset, which can make the whole process 
expensive and time-consuming. For the above reasons, 
the smartphone-based datasets were subsequently fed into 
the k-medoid clustering algorithm for unsupervised 
machine learning, to increase the accuracy and 
applicability of the method. 

K-medoids clustering 

In the k-medoid clustering method, a medoid is used, 
which is the most representative (central) point of a group 
of points. The method attempts to determine k partitions 
from n objects, and each cluster is represented by one of 
the objects in the cluster. In contrast to the k-means 
algorithm, instead of taking the mean value of the object 
in a cluster as a reference point, the method uses the 
medoid which is the most centrally located object in a 
cluster.  

The k-medoid clustering technique is simple and is 
based on the search for k medoids among the objects of 
the dataset. These medoids represent the structure of the 
data. The target is to find k objects which minimize the 
sum of the dissimilarities of the objects to their closest 
medoid. At first, the algorithm selects k initial medoids. 
These medoids are the candidate medoids and are 
intended to be the most central points of their clusters. 
Then the distance of each non-selected points from the 
closet candidate medoid is calculated, and this distance is 
summed over all points. The distance represents the cost 
of the current selection, and all possible swaps of a non-
selected point for a selected one are considered. The cost 
of each selection is calculated and the configuration with 
the lowest cost is selected. 

 E = ∑ ∑ |𝑥𝑥 − 𝑜𝑜𝑖𝑖|𝑥𝑥𝑥𝑥𝐶𝐶𝑖𝑖𝑘𝑘𝑖𝑖=1                     (2) 
 

E = the sum of the distances for all objects in the data set 
x = the point in space representing the given object 
o = is the medoid of the cluster 
 

If this is a new configuration then the effect of 
replacing one of the selected medoids with one of the non-
selected medoids is considered. 

In the case-study dataset, system-best results were 
obtained when clustering the variance of vehicle pitch 
variable into five classes (Table 3). The algorithm 
correctly classifies speed bumps, patches and potholes in 
category four and five. As with the k-means case, the 
ground-truthing to verify the accuracy of the k-medoids 
method was accomplished by visually verifying the 
existence of speed bumps, patches and potholes from the 
smartphone’s recorded video. In contrast to the k-means 
algorithm, the k-medoids method classifies the other three 
categories correctly. To make an example, in two different 
scenarios (e.g., no visible distress and potholes) the 
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system returns respectively the “excellent (1)” and “failed 
(5)” ratings. The reason is that k-medoid is more robust 
because it minimizes a sum of dissimilarities instead of a 
sum of squared Euclidean distances. Further, the k-
medoids is faster than the k-means algorithm, for the k-
medoids requires the computation of the distance between 
every pair of objects only once and uses this distance at 
every stage of iteration. 

Table 3: K-medoids Rating System 

Surface  
Rating  

Visible 
Distress/Road 

Features 

Data 

1 

Excellent 

None 282 

2 

Good 

Longitudinal/ 
Transverse 

Cracks 

596 

3 

Fair 

Severe 
ravelling/ 

Block 
cracking 

107 

4 

Poor 

Patches / 
Occasionally 

potholes 

35 

5 

Failed 

Potholes / 
Speed bumps 

10 

Spatial Decision Support System (DSS) and pave-

ment condition assessment mapping 

The outcome of the unsupervised machine learning 
algorithms and the resulting pavement surface condition 
assessment scores can be spatially mapped, pointing out 
the areas of concern in a roadway network (Figure 3). The 
generated maps can then be used by the pavement 
management agencies to investigate the condition of 
pavement surfaces and to plan the construction 
maintenance operations.  
 

 
Figure 3: Spatial condition-assessment mapping (classes 4&5) 

LIMITATIONS 

As perceived limitations of the method are: (1) a less 
objective system evaluation rather than standardized 
evaluation system used (in contrast to the existing IRI 

rating system), and (2) the need to predefine the number 
of clusters (i.e. the value of k) used in the analysis.  

CONCLUSIONS AND FUTURE WORK 

The paper described a methodology based on low-cost 
devices (such as a smartphone) and unsupervised machine 
learning methods by which roadway pavement condition 
assessment can be achieved. The research motivation was 
to create a system that automatically assesses the quality 
of the pavements based on a triaxial accelerometer, a 
gyroscope and a clustering method, map the existence of 
roadway anomalies (using GPS) and save all sensed 
datapoints (and their features) for subsequent 
reinforcement learning through participatory sensing of 
multiple probe vehicles. The methodology used has the 
advantages of being low-cost and highly scalable, as the 
number of smartphone users increases day by day. 
Further, the smartphone-based approach is very 
worthwhile because it removes the need to deploy special 
sensors and expensive specialized vehicles. Finally, the 
methodology does not require any expertise in pavement 
condition assessment and allows for speedier and 
continuous evaluations of the roadway networks.   

The proposed methodology and developed python-
based decision support system platform are currently 
field-tested with multiple probe vehicles, more kilometres 
of roadway pavements and multiple data dates, for 
increasing the accuracy of the method and finetuning the 
data aggregation and clustering processes.  
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ABSTRACT

In the field of Scan-to-BIM, recent developments
achieve promising results in accuracy and flexibil-
ity, leveraging tools from the field of deep learning
for semantic segmentation of raw point cloud data.
Those methods demand large-scale, domain-specific
datasets for training. Promising ideas to fulfill this
need use primitive synthetic point cloud data, which
predominantly lack distinct point cloud properties,
such as missing patches due to occlusions in the scene.
To solve this issue, we use a specialized laser scan
simulation tool from the domain of Geosciences in
a toolchain that allows generating realistic ground
truth data based on 3D models. In this context, we
introduce a comprehensive taxonomy for the indus-
trial point cloud context. Furthermore, we provide
the missing link for a comprehensive, open-source
toolchain that is flexible towards any use case in the
field.

INTRODUCTION

Motivation

With the introduction of the Building Information
Modeling (BIM) method, the sector of Architecture,
Engineering and Construction (AEC) is trying to
overcome conventional planning processes that are
document-based and inherently describe the built en-
vironment using 2D plans (Borrmann et al. 2015).
While the adoption of BIM has been largely focused
on the disciplines of planning and design, recent ef-
forts target the method’s potential in the operation
phase. In this, relevant up-to-date information is fed
into the digital representation (as-built model) and
then leveraged to enable improved decision-making
using the so-called Digital Twin. While this concept
originated from the field of mechanical engineering
(Kritzinger et al. 2018), it is expected to have a sig-
nificant impact in the AEC sector (Sacks, Brilakis,
Pikas, Xie & Girolami 2020).

In the early stages of a project, the primary po-
tential of BIM lies in the model-based cooperation be-
tween stakeholders, planners, and contractors. Dur-
ing the operations phase, the model itself plays a ma-
jor part by providing all necessary data for operations
to be optimized, both on efficiency and sustainability.

However, due to slow adaption in the industry, good
semantic 3D models rarely exist for currently used fa-
cilities, especially when the existing facilities are ten
or more years old. The conventional way to solve this
problem is to capture the facility’s as-is condition,
and then work with the resulting data to remodel the
facility manually. This task is very time-consuming,
expensive and error-prone. For owners and opera-
tors who would like to benefit from an actual as-built
model (also referred to as ”as-is model”, especially
if data is collected independently of the construction
process (Anil et al. 2013)), but have no useful legacy
data, this is very challenging.

Therefore, numerous research projects are con-
ducted in this direction that the community has
coined with the term “Scan-to-BIM”, which describes
procedures that aim to facilitate remodeling of ex-
isting facilities after capturing the current state on-
site. More generally, related approaches are gathered
within the so-called ”field-to-BIM” domain (Sacks,
Girolami & Brilakis 2020). For the sake of complete-
ness, we mention the closely related yet distinct field
of ”Scan-vs-BIM”, where the as-is condition of the
asset is aligned with an existing model for further
processing.

Figure 1: Digital Twin framework to illustrate the domains of
Scan-to-BIM and Scan-vs-BIM, extended to incorporate our

proposed synthetic data approach in its environment
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document-based and inherently describe the built en-
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forts target the method’s potential in the operation
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into the digital representation (as-built model) and
then leveraged to enable improved decision-making
using the so-called Digital Twin. While this concept
originated from the field of mechanical engineering
(Kritzinger et al. 2018), it is expected to have a sig-
nificant impact in the AEC sector (Sacks, Brilakis,
Pikas, Xie & Girolami 2020).

In the early stages of a project, the primary po-
tential of BIM lies in the model-based cooperation be-
tween stakeholders, planners, and contractors. Dur-
ing the operations phase, the model itself plays a ma-
jor part by providing all necessary data for operations
to be optimized, both on efficiency and sustainability.

However, due to slow adaption in the industry, good
semantic 3D models rarely exist for currently used fa-
cilities, especially when the existing facilities are ten
or more years old. The conventional way to solve this
problem is to capture the facility’s as-is condition,
and then work with the resulting data to remodel the
facility manually. This task is very time-consuming,
expensive and error-prone. For owners and opera-
tors who would like to benefit from an actual as-built
model (also referred to as ”as-is model”, especially
if data is collected independently of the construction
process (Anil et al. 2013)), but have no useful legacy
data, this is very challenging.

Therefore, numerous research projects are con-
ducted in this direction that the community has
coined with the term “Scan-to-BIM”, which describes
procedures that aim to facilitate remodeling of ex-
isting facilities after capturing the current state on-
site. More generally, related approaches are gathered
within the so-called ”field-to-BIM” domain (Sacks,
Girolami & Brilakis 2020). For the sake of complete-
ness, we mention the closely related yet distinct field
of ”Scan-vs-BIM”, where the as-is condition of the
asset is aligned with an existing model for further
processing.

To capture the actual as-is condition of a facility, re-
cent approaches predominantly use 3D point cloud
data captured by LiDAR sensors or photogramme-
try. The raw data from these sources are point clouds
representing the surfaces of visible objects during cap-
ture. This data’s main shortcoming is that it does
not inherently carry any information regarding the
captured objects’ semantics, such as information re-
garding object type or material. However, this infor-
mation is currently the most accurate and suitable in
the generation of a semantic digital building or asset
twin or a BIM model.

The point cloud is usually classified and seg-
mented according to the underlying semantics in the
first processing step. Recent artificial intelligence
(AI) methods have shown great potential in flexibility
and precision in this regard.

For these approaches, large-scale, diverse, ground
truth datasets are required for two main reasons:
Firstly, the precision of AI-based approaches inher-
ently improves with the size and quality of avail-
able training datasets. Secondly, both for AI-based
and conventional approaches (such as RANSAC and
Hough Transform), datasets with ground truth labels
are required to provide quantitative results to pre-
cisely evaluate those approaches’ actual performance.
However, the improvement of well-performing solu-
tions for well-known benchmark datasets outpaces
the development of diverse, use-case specific and pub-
licly available ground truth datasets. To counteract
these developments, we propose a flexible and scal-
able strategy that provides realistic, synthetic ground
truth data.

Related work

A comprehensive overview of solutions using deep
learning on point clouds, in general, can be found
in (Guo et al. 2020). Patraucean et al. (2015) collect
approaches specifically for the field of Scan-to-BIM.
In related research areas, publishing labeled datasets
(cf. Table 1) to foster the development of approaches
that allow automated reasoning about a point cloud’s
content has already become an essential part of the
scientific practice.

Still, the research community occupied with 3D
semantic segmentation is over-all lacking labeled
datasets compared to the advances made in areas like
computer vision, as comprehensivley summarized in
Gao et al. (2020). Popular datasets include KITTI
(Geiger et al. 2013), Semantic3D (Hackel et al. 2017),
Vaihingen (Rottensteiner et al. 2013) and Paris-Lille
(Roynard et al. 2018) for outdoor scenes; datasets for
indoor scenes have been published less often, popu-
lar examples are the S3DIS (Armeni et al. 2016) and
ScanNet (Dai et al. 2017), the latter however stored
in their voxel representation instead of point clouds.

For our use case in the industrial construction sec-
tor, latest research includes a publication on a man-

ually labeled collection of industrial point cloud data
(Agapaki et al. 2019). Unfortunately, to this date, the
data presented in this work is not accessible to the
authors, and therefore the domain remains without
a publicly accessible ground truth dataset. Agapaki
(2020) provides a comprehensive overview of available
annotated point cloud datasets, which we summarize
and extend with their acclaimed CLOI dataset in Ta-
ble 1.

Table 1: Annotated point cloud datasets

Name Context No. of points

Semantic3D urban 400×10
7

KITTI urban 180×10
7

S3DIS indoor, office 27×10
7

CLOI indoor, industrial 14×10
7

Paris-Lille urban 4.3×10
7

While recent research includes various important
approaches for the detection of elements for the in-
dustrial use case (Maalek et al. 2019, Son et al. 2015),
there remains a lack of data for those use cases. The
reason for this are diverse. For one, there is a lack
of intrinsic motivation by facility operators to share
captured as-is data, as this is not within their tradi-
tional scope of business. Furthermore, in places where
data is captured, evaluated, and processed, warranted
doubts towards open publishing arise for multiple rea-
sons, regarding employee privacy, datasets possibly
containing trade secrets, or other justifiably confiden-
tial information.

This lack of accessibility to real world annotated
data is a bottleneck for the field of Scan-to-BIM. As
point clouds from laser scans and photogrammetry
consist of points captured from the surface of 3D ob-
jects, another way to tackle the issue is to generate
synthetic data. This data has been generated using
various techniques, including randomly distributing
points on 3D surfaces (Ma et al. 2020), adding ran-
dom noise to each point (Schnabel et al. 2007), or
even capturing scenes out of video games (Yue et al.
2018). Another approach to generate large-scale syn-
thetic point cloud data was used in the work of Shen
(2020). Ma et al. (2020) have used BIM models for
the generation of point clouds by randomly placing
points on the object surfaces. Using this synthetic
data as an addition to their real world point clouds
in the training phase resulted in an increase of IoU
(intersection over union) of 7.1%.

However, the data used in their approach lacks re-
alistic properties of point clouds acquired by a laser
scanner, especially regarding occlusions, which fre-
quently occur in industrial scenes. Helios (Bech-
told & Höfle 2016) and Blensor (Gschwandtner et al.
2011) are tools to generate more realistic laser scan
point clouds based on 3D surfaces by simulating laser
beams and their reflected signal measurements. The
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latter has been used for an approach similar to ours
to create a ground truth point cloud for a large-scale
urban scene (Griffiths & Boehm 2019).

Research gap

Access to large-scale ground truth datasets is crucial
to develop methods for semantic segmentation and
other ways to automatically process and enrich point
cloud data to advance the field of Scan-to-BIM fur-
ther. Unfortunately, currently no such data is pub-
licly available for the use case of industrial assets.

Industrial companies operating complex facilities
have been working with 3D models for many years.
For example, in 2009, this was documented in an of-
ficial report of the German Association of the Auto-
motive Industry (VDA 2009) that contains an effort
to communicate industry-wide standardization. Scan
data captured in active industrial facilities is delicate
regarding issues of employee privacy and nondisclo-
sure. Therefore, this data is restricted, and usually,
it is impossible to publish for academic usage and
benchmarking of state-of-the-art solutions. The op-
portunity of working with models is that their content
can be checked with ease, elements that are critical
can be replaced or removed. The synthetic data gen-
erated upon those models will not contain any infor-
mation that is not present in the model. This leads
to the limitation that the resulting point clouds only
contain objects included in the model, which can not
be circumvented. Our goal is therefore to exploit de-
tailed 3D model data to satisfy the need for 3D scan
data. As related work shows the lack of data and
the potential of synthetic data, we aim to advance
our specific use case in this regard by providing a
method to effortlessly generate large amounts of re-
alistic ground truth point cloud data.

METHOD

Overview

In our approach, we utilize the laser scan simulation
tool Helios (Bechtold & Höfle 2016), since it is an
open source tool that allows to set up the desired sim-
ulation in a modular and flexible way. Figure 2 shows
an overview of our workflow. The following subsec-
tions introduce the steps of this workflow, along with
a description of the utilized tools and file formats.

Model import

Starting from the authoring tool, we export the model
using preferably vendor-neutral formats that include
object classes. The usage of the Industry Founda-
tion Class (IFC) format (ISO 2018) is therefore the
best solution. In our testing, we tried the IFC ex-
port of Autodesk Revit with good results. If no such
information is included in the original data and the
model is stored in its plain geometry, we make use of
the FBX format. Both tested authoring applications
(Autodesk Revit and Bentley Microstation v8i) have

Figure 2: The workflow for "BIM-To-Scan", distinguishing
between content, software application used and file format of

(intermediate) results

shown a robust export to FBX with reasonable file
sizes.

This intermediate file is then imported into the
Blender application1 for further processing. While
FBX import is a standard feature with Blender, we
use the BlenderBIM plugin2 for IFC import.

Model preparation

To provide a suitable set of classes for the point cloud
labels, we have developed a taxonomy for industrial
point cloud data, as depicted in Figure 3. We base
this structure on the approach for a point cloud tax-
onomy presented by Kim et al. (2016) for construc-
tion point clouds, and adapt the content to fulfill
the requirements of our project, which is the scope
of structural and MEP (Mechanical, electrical, and
plumbing) elements. To do this, we further base our
proposed taxonomy on the findings of Agapaki et al.
(2018), who have investigated important objects and
shapes in industrial asset models.

Our taxonomy is distributed over three levels. The
first level covers a very basic separation into crafts.
Level 2 allows to obtain more detailed insight for each
level 1 class. The competing goals in this are to keep
the classes distinct in regard to their geometry and
context, while providing sufficient insight to provide
valuable information for the engineering perspective.
Grouping all classes into the aforementioned levels
allows us to consider classes in varying granularity,
which can also be used to adapt classes according to
results per applied method in semantic segmentation.

Furthermore, top-down observation of the levels
allows for a simple separation of the labeled point
cloud into more compact sub-clouds without losing
class-relevant data. In comparison to the categories
introduced with the CLOI dataset (Agapaki et al.
2019), our approach adds the craft-wise separation as
a novel perspective. Additionally, we omit the sepa-

1 https://blender.org/
2 https://blenderbim.org/
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This intermediate file is then imported into the
Blender application1 for further processing. While
FBX import is a standard feature with Blender, we
use the BlenderBIM plugin2 for IFC import.

To provide a suitable set of classes for the point cloud
labels, we have developed a taxonomy for industrial
point cloud data, as depicted in Figure 3. We base
this structure on the approach for a point cloud tax-
onomy presented by Kim et al. (2016) for construc-
tion point clouds, and adapt the content to fulfill
the requirements of our project, which is the scope
of structural and MEP (Mechanical, electrical, and
plumbing) elements. To do this, we further base our
proposed taxonomy on the findings of Agapaki et al.
(2018), who have investigated important objects and
shapes in industrial asset models.

Our taxonomy is distributed over three levels. The
first level covers a very basic separation into crafts.
Level 2 allows to obtain more detailed insight for each
level 1 class. The competing goals in this are to keep
the classes distinct in regard to their geometry and
context, while providing sufficient insight to provide
valuable information for the engineering perspective.
Grouping all classes into the aforementioned levels
allows us to consider classes in varying granularity,
which can also be used to adapt classes according to
results per applied method in semantic segmentation.

Furthermore, top-down observation of the levels
allows for a simple separation of the labeled point
cloud into more compact sub-clouds without losing
class-relevant data. In comparison to the categories
introduced with the CLOI dataset (Agapaki et al.
2019), our approach adds the craft-wise separation as
a novel perspective. Additionally, we omit the sepa-

Figure 3: Taxonomy for the industrial use case: The complete point cloud is separated into object classes, that are divided into
sub-classes over three levels of granularity

ration of steel cross sections that result in a combina-
tion of flat sections (I, L, etc.). From our perspective,
this differentiation is overly precise at this point and
can, if necessary, better be introduced downstream by
analyzing geometric features of previously correctly
identified segments, as presented by Kim et al. (2020).

Within Blender, the assignment to categories is
executed by grouping geometries in distinct collec-
tions. In the case of imported CAD geometries with-
out semantics, this step is fully manual in our ap-
proach. Depending on the information content of the
original model, it is possible to parse the informa-
tion from the imported model data to allocate ob-
jects to their respective categories automatically. As
a proof of concept, this has been tested for an IFC
file (IFC2x3) exported from Autodesk Revit.

Scene preparation

To prepare the scene for simulation in Helios, the ob-
jects must be stored in single OBJ files, with infor-
mation on their location and orientation in the scene
stored in a XML file. The OBJ (Wavefront OBJ) file
format is chosen because it is the standard input re-
quirement for Helios. In this part of our toolchain, we
make use of the Blender plugin provided by Neumann
(2020). To pass on the information of the previously
designated object classes, a separate material dictio-
nary is is used, to map label integers to object class
strings.

Survey preparation

In advance of a stationary laser scan in any environ-
ment, scan planning is required regarding scan posi-
tions. Recent research includes approaches to opti-
mize this using building models in 2D (Díaz-Vilariño
et al. 2018) and 3D (Kabir Biswas et al. 2015), a
module to optimize planning for simple geometries is
included in Helios (Bechtold & Höfle 2016).

In practice, the surveyor usually selects locations
by his expert opinion and his assessment on-site, to
maximize coverage with a preferably low number of
total scans. Additionally, he needs to assure suffi-
cient overlap to guarantee precise registration. In our
workflow, the single resulting point clouds do not re-
quire registration since the simulation for each scan
is performed in the same coordinate system, as previ-
ously defined in the model. Scan planning is straight-
forward in Helios, as it allows the user to place single
scans in the scene using the user interface directly.
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Laser scan simulation

Helios’ code and comprehensive documentation can
be found in the project’s Github repository3. In its
core, the simulation is performed by casting single
rays as per the defined equipment’s functionality. For
our use case, this usually means the rotating mirror
of a terrestrial laser scanner. In brief, if the simu-
lated ray intersects the surface of the model, the mea-
sured location of the intersection is returned along
with the measured waveform and material identifier.
By including equipment-specific parameters regard-
ing measurement precision (cf. Table 2), the simu-
lated measurements include measurement errors ac-
cordingly. In our case, we store the object classes,
as defined in our taxonomy in the material definition
(as a workaround), such that each point of the syn-
thetic point cloud obtains its distinct class affiliation
in the simulation itself. This is necessary to generate
fully labeled data for the training of a deep learning
network for semantic segmentation.

As an output, we receive a single point cloud per
individual scan, just like one would performing a real
laser scan. Those can subsequently be combined to
a full point cloud by merging them directly. As each
point cloud is delivered in the same global coordinate
system, registration is not necessary. Each resulting
point cloud is stored by default in a XYZ file, which is
an open ASCII file format to store point cloud data.

3 https://github.com/GIScience/helios

CASE STUDY AND RESULTS

In order to compare the quality of the synthetically
created point clouds to real ones, we performed both
a real laser scan and a laser scan simulation in the
frame of a case study. To do so, we chose a facility
for which we have access to a detailed as-planned 3D
CADmodel, which allows us to perform the laser scan
simulation for direct comparison.

As scanning equipment, we use a terrestrial laser
scanner model FARO FOCUS S 150, with a cho-
sen resolution of 8192 × 3413 points resulting in
27,959,296 points per scan. This choice is made to
reflect industry standard settings for this kind of fa-
cility, in accordance with the experts we worked with.
The settings are translated to simulation parameters,
collected in Table 2, hardware specifications were
adopted from the manufacturer4.

Table 2: Case study simulation parameters

parameter value

scan frequency 16 Hz

pulse frequency 122,000 Hz

ranging error ±1 mm

beam divergence 19 arcsec

vertical field of view 300°
horizontal field of view 360°
head rotation 1.29

°
s

A total of 28 scanning locations was chosen in the
asset by the surveyor, to allow for solid surface cover-
age and cloud-to-cloud registration. Registering the
single point clouds of this scan amounts to a total
of 7.1×10

8 points, which is a size comparable those
of the datasets introduced in Table 1. For the laser
scan simulation, we used the 3D CAD model and the
full workflow introduced in this paper. The 3D CAD
model resulted in a triangulated surface model with
a total of 4,291,794 vertices and 1,430,466 faces.

To evaluate the computational effort, we ran a
single leg of the scan on a notebook with an Intel(R)
Core(TM) i7-8665U CPU and 16GB RAM, using Mi-
crosoft Windows 10 and Helios in headless mode (no
graphical output). Computation time depends on the
used hardware, but also heavily on scanning param-
eters and complexity of the scene. On the described
setup, initializing the simulation by loading the scene
takes 3 min 38 sec, the simulation of a single scan
finishes after 9 min 38 sec if we disable full wave-
form (FWF) computation. In our current testing, we
do not include material properties, therefore we omit
FWF computation. We performed the simulation for
each of the 28 scan locations of the real laser scan.

To help the general understanding of the process,
we provide overview snapshots of the used model,
along with the synthetic and real laser scan point

4 https://faro.com/
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Helios’ code and comprehensive documentation can
be found in the project’s Github repository3. In its
core, the simulation is performed by casting single
rays as per the defined equipment’s functionality. For
our use case, this usually means the rotating mirror
of a terrestrial laser scanner. In brief, if the simu-
lated ray intersects the surface of the model, the mea-
sured location of the intersection is returned along
with the measured waveform and material identifier.
By including equipment-specific parameters regard-
ing measurement precision (cf. Table 2), the simu-
lated measurements include measurement errors ac-
cordingly. In our case, we store the object classes,
as defined in our taxonomy in the material definition
(as a workaround), such that each point of the syn-
thetic point cloud obtains its distinct class affiliation
in the simulation itself. This is necessary to generate
fully labeled data for the training of a deep learning
network for semantic segmentation.

As an output, we receive a single point cloud per
individual scan, just like one would performing a real
laser scan. Those can subsequently be combined to
a full point cloud by merging them directly. As each
point cloud is delivered in the same global coordinate
system, registration is not necessary. Each resulting
point cloud is stored by default in a XYZ file, which is
an open ASCII file format to store point cloud data.

In order to compare the quality of the synthetically
created point clouds to real ones, we performed both
a real laser scan and a laser scan simulation in the
frame of a case study. To do so, we chose a facility
for which we have access to a detailed as-planned 3D
CADmodel, which allows us to perform the laser scan
simulation for direct comparison.

As scanning equipment, we use a terrestrial laser
scanner model FARO FOCUS S 150, with a cho-
sen resolution of points resulting in

points per scan. This choice is made to
reflect industry standard settings for this kind of fa-
cility, in accordance with the experts we worked with.
The settings are translated to simulation parameters,
collected in Table 2, hardware specifications were
adopted from the manufacturer4.

°
°
°

A total of 28 scanning locations was chosen in the
asset by the surveyor, to allow for solid surface cover-
age and cloud-to-cloud registration. Registering the
single point clouds of this scan amounts to a total
of points, which is a size comparable those
of the datasets introduced in Table 1. For the laser
scan simulation, we used the 3D CAD model and the
full workflow introduced in this paper. The 3D CAD
model resulted in a triangulated surface model with
a total of vertices and faces.

To evaluate the computational effort, we ran a
single leg of the scan on a notebook with an Intel(R)
Core(TM) i7-8665U CPU and 16GB RAM, using Mi-
crosoft Windows 10 and Helios in headless mode (no
graphical output). Computation time depends on the
used hardware, but also heavily on scanning param-
eters and complexity of the scene. On the described
setup, initializing the simulation by loading the scene
takes 3 min 38 sec, the simulation of a single scan
finishes after 9 min 38 sec if we disable full wave-
form (FWF) computation. In our current testing, we
do not include material properties, therefore we omit
FWF computation. We performed the simulation for
each of the 28 scan locations of the real laser scan.

To help the general understanding of the process,
we provide overview snapshots of the used model,
along with the synthetic and real laser scan point

clouds in figures 7, 8 and 9. Figure 4 depicts the
point cloud category split per level 1 of our taxon-
omy in the point cloud of a selected single scan. Se-
lected properties of this point cloud are summarized
in Table 3.

MEP

out of scope

structural invariable

structural variable

Figure 4: Point cloud category split, per level 1 in our taxonomy

Table 3: Properties of a selected single scan, surface density is
calculated for a local neighborhood with r =0.05 m, densities

and distances are described with their median values

property laser scan synthetic data

points [pts.] 25.3×10
6

27.7×10
6

surface density
[

pts.

πr2

]

5602 4584

distance to model [m] 0.01 1×10
−6

The variation in these properties regarding den-
sity and distance is considerable due to the deviation
between model and the actual existing facility. To in-
vestigate this, we select the content of a small cuboid
volume from the model, the synthetic and real point
cloud. In Figure 5 we compare the points contained
in this clipping box in two rows that illustrate dif-
ferent aspects of the real scan (upper row) and the
synthetic point cloud (lower row).

The difference between Figures 5b and 5e is due
to inaccuracies in the laser scan simulation itself. As
introduced, we used the same scanning parameters
in our real laser scan and in our simulation. How-
ever, there remains a divergence between the resulting
point densities, which is due to differences between
real and modeled surfaces. This is the main short-
coming of synthetic data, and can best be recognized
in the distances between point cloud and underlying
model surface: While Figure 5f shows very small val-
ues because the simulated laser scan stays true to
the underlying surface with some divergence, the dis-
tances between the real laser scan and the model de-
picted in Figure 5c are in some areas significant. This
mainly due to the fact that our model is not an accu-
rate as-built representation but an as-planned status.
In this, object types such as secondary steel struc-
tures might be missing completely (as can be seen in
the lower parts of Figure 5), others might be less de-
tailed (such as valves, see Figure 5, center parts and
6a) or misplaced (such as the valves, and second pipe
run in the lower parts of Figure 5).

(a) (b) (c)

(d) (e) (f)

Figure 5: Comparison between real laser scan (upper row,
5a-5c) and synthetic laser scan point clouds (lower row, 5d-5f):

RGB values (5a), object classes (5d), surface density with
r = 0.05m (5b, 5e), cloud to model distances (5c, 5f)

The deviation of the model from the reality is not
only a question of all elements being present in the
model, but also of how the geometries are modeled.
In our case, this can be observed in the surface of
round pipes. The distributions of points over the
horizontal pipe section depicted in the lower parts
of Figure 5 are shown in Figure 6. This illustrates
that the general distribution is qualitatively accurate
regarding noise and the occluded rear surface of the
pipe, but the underlying surface geometry shows sig-
nificant differences. While the real pipes exhibit a
circular cross section, the pipes in our model are rep-
resented by a polygon as the model is handled in the
form of a triangulated mesh. In Figure 6c the dis-
tances of the points depicted in Figures 6a and 6b to
the underlying model surface are collected for com-
parison. In this, the real laser scan point cloud dif-
fers in two main aspects: Firstly, the pipe section
includes pipe brackets, which leads to the tail on the
right side of the distribution. Secondly, this distri-
bution has a larger standard deviation, which can be
explained by deviations between the circular shape of
the pipe and the polygon. Furthermore, the synthetic
data is generated using the manufacturer’s technical
specifications, which usually slightly overestimate the
precision of the equipment in situ.
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(c)

Figure 6: Distribution of points over the cross sections of a
round pipe with according histogram for point to model

distances: Real laser scan (6a, 6c blue histogram) and synthetic
point cloud (6b, 6c green histogram)

CONCLUSIONS

Opportunities and pitfalls

The main motivation for choosing this approach is
that it allows to generate realistic and fully labeled
ground truth point cloud data as a basis for large-
scale training of deep learning networks for semantic
point cloud segmentation. The approach is intrinsi-
cally flexible towards various use cases, the only fixed
requirement is the availability of a detailed 3D model-
ideally but not necessarily as a product model with
individual semantic information per object. The
manual effort and possible errors in point cloud la-
beling are completely avoided. The modular concept
of the Helios simulation tool allows for changes in
choice and placement of scanning equipment. At the
same time the approach is freely scalable, and easily
repeatable for changing scanning strategies or even
a changed taxonomy. The objects will be assigned
to their respective classes in the model preparation
step, the rest of the task will remain unchanged, point
cloud quality unimpaired. Two of the software for-
mats in use (FBX and OBJ) are proprietary, but
well established and popular solutions in the field.
All software tools used in this are open-source, the

toolchain we use in this contribution is accessible in
an open Github repository5.

As we have found in the presented case study, the
used parameters overestimate the equipment’s preci-
sion on site, which means the data is less noisy than
the real laser scan point cloud and therefore less re-
alistic in that aspect. This might lead to the case
where approaches trained on our synthetic data will
rely too much on the higher precision and perform
significantly worse on real data. To finally verify
the added value of the synthetic data created in our
toolchain with regard to training deep learning ap-
proaches for semantic segmentation, testing needs to
be done along with real data as a next step.

Another limitation in our approach is the remain-
ing manual effort for model preparation. In compari-
son to completely manually labeling the point clouds,
however, this can be done in a fraction of time.

Outlook

Synthetic data is useful as a support for the develop-
ment of AI solutions in data-weak domains. Whereas
straightforward approaches to create such data are
known and in use, our workflow allows us to achieve
a higher level of realism in the resulting data while
keeping the process manageable. Our toolchain al-
lows us to process large-scale models, seamlessly ful-
filling all requirements that the utilized simulation
tool introduces. We introduce a comprehensive draft
for a point cloud taxonomy in the industrial envi-
ronment for our ground truth labels along with the
workflow.

In a next step, we investigate the applicability of
approaches that have been trained on our synthetic
data to real-world datasets, to evaluate the potential
that lies in the method presented in this contribu-
tion regarding its intended purpose. We outline our
next steps as follows: First we will train and test cur-
rent state of the art deep learning architectures for
semantic segmentation on synthetic point cloud data
created as presented in this contribution. Then, we
will test the networks’ performance on real scan data.
To be able to do that, we are simultaneously working
on the manual labeling of our real scan data.
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5 https://github.com/fnoi/B2H
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The main motivation for choosing this approach is
that it allows to generate realistic and fully labeled
ground truth point cloud data as a basis for large-
scale training of deep learning networks for semantic
point cloud segmentation. The approach is intrinsi-
cally flexible towards various use cases, the only fixed
requirement is the availability of a detailed 3D model-
ideally but not necessarily as a product model with
individual semantic information per object. The
manual effort and possible errors in point cloud la-
beling are completely avoided. The modular concept
of the Helios simulation tool allows for changes in
choice and placement of scanning equipment. At the
same time the approach is freely scalable, and easily
repeatable for changing scanning strategies or even
a changed taxonomy. The objects will be assigned
to their respective classes in the model preparation
step, the rest of the task will remain unchanged, point
cloud quality unimpaired. Two of the software for-
mats in use (FBX and OBJ) are proprietary, but
well established and popular solutions in the field.
All software tools used in this are open-source, the

toolchain we use in this contribution is accessible in
an open Github repository5.

As we have found in the presented case study, the
used parameters overestimate the equipment’s preci-
sion on site, which means the data is less noisy than
the real laser scan point cloud and therefore less re-
alistic in that aspect. This might lead to the case
where approaches trained on our synthetic data will
rely too much on the higher precision and perform
significantly worse on real data. To finally verify
the added value of the synthetic data created in our
toolchain with regard to training deep learning ap-
proaches for semantic segmentation, testing needs to
be done along with real data as a next step.

Another limitation in our approach is the remain-
ing manual effort for model preparation. In compari-
son to completely manually labeling the point clouds,
however, this can be done in a fraction of time.

Synthetic data is useful as a support for the develop-
ment of AI solutions in data-weak domains. Whereas
straightforward approaches to create such data are
known and in use, our workflow allows us to achieve
a higher level of realism in the resulting data while
keeping the process manageable. Our toolchain al-
lows us to process large-scale models, seamlessly ful-
filling all requirements that the utilized simulation
tool introduces. We introduce a comprehensive draft
for a point cloud taxonomy in the industrial envi-
ronment for our ground truth labels along with the
workflow.

In a next step, we investigate the applicability of
approaches that have been trained on our synthetic
data to real-world datasets, to evaluate the potential
that lies in the method presented in this contribu-
tion regarding its intended purpose. We outline our
next steps as follows: First we will train and test cur-
rent state of the art deep learning architectures for
semantic segmentation on synthetic point cloud data
created as presented in this contribution. Then, we
will test the networks’ performance on real scan data.
To be able to do that, we are simultaneously working
on the manual labeling of our real scan data.

This research was conducted within the scope of a
project funded by Audi AG, Ingolstadt. The funding
is highly appreciated.

Figure 7: 3D model, objects color-coded
according to our taxonomy

Figure 8: Synthetic point cloud, based on
the model depicted in figure 7

Figure 9: Real laser scan point cloud of
the facility, with actual RGB values
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ABSTRACT 

Construction Industry (CI) is moving towards digitalisa-
tion. Yet, craft workforce is still the primary vector of on-
site performance, accounting more than 50% of sector’s 
employment. Construction sites sensing should concen-
trate on workforce' performance monitoring. An in-depth 
understanding of the data process and the stakeholders' 
interaction is more important than ever. A Human Data 
Interaction (HDI) vision implies the evaluation of the 
collected data implications in the CI, glimpsing para-
digms and regulations. This work presents new use cases 
and frameworks to reflect data interactions into sensored 
sites regarding the craft workforce performance and de-
livering a detailed analysis to GDPR' compliance. 

INTRODUCTION 

EC3 established the Human Data Interaction (HDI) 
Committee in July 2019. HDI approach is a game-
changer. The status quo HCI (Human-Computer Interac-
tion) concerns humans and computers interactions, em-
phasising software and hardware systems (HDI 
Committee, 2020). HDI foster’s and leads to the interac-
tion of humans and data. The HDI Committee mission is 
to oversee the use of technologies and understand users’ 
behaviours. Facilitate the development of infrastructure 
and providing a solid foundation for construction industry 
innovation revolution. Nowadays, construction sites are 
being populated by new technologies. Due to this, data 
can be more available and should be used to drive con-
struction management.  

Sensored construction sites materialization relies in 
many different types of sensors (e.g., Vision, Imaging, 
Noise, Temperature, Proximity, Pressure, Position, Pho-
toelectric, Motion, Humidity, Force, Contact and Non-
Contact Sensors). A specific hardware device/equipment 
can have embedded more than one sensing technology 
(e.g., smartphone, drone, inertial measure unit). The data 
can flow between devices, for example, through Wi-Fi, 
Bluetooth and, Ethernet. Different systems are needed to 
store and process data, such as, operating systems and 
databases. Throughout the process of implementing the 
devices, their use, data collecting and processing, various 
actors/knowledge will be required.  

The CI is a labour intensive sector. Focusing on the 
construction sites dimension, the craft workforce is the 
main vector of the tasks outcomes, having direct influ-
ence on the projects’ performance. In this context, craft 

workers are found to be the most valuable assets to apply 
electronic performance monitoring (EPM). 

The General Data Protection Regulation (GDPR) 
compliance is a primary concern in the employ-
ees/employers data exchange relationship. Yet, GDPR is 
a new regulation and concerning electronic monitoring of 
workers, there are no case law records nor established 
agreements what, in practice, generates a gap. There is 
still a lack of detailed diagnosis of what data should be 
collected about the craft workforce and mainly the one 
related with performance. Nor is there a clear vision of 
the data flow that ranges from the on-site collection to the 
companies' management systems. As worksite-sensing 
monitoring is a new and complex scenario, it is necessary 
to broaden stakeholders' awareness, in order to allow the 
test and implementation of these kind of projects. 

RESEARCH AIM AND METHOD 

The research aims to deliver detailed HDI models focus-
ing on craft workforce data (on-site EPM) and the em-
ployers' management systems (GDPR compliant). HDI 
Use Case Diagram provides an exhaustive visualisation 
of employees/employers information interaction and 
relationship. HDI Information process provides a system-
ic view of the data flows through the systems necessary 
to deliver useful information.  
Qualitative research is inductive, heterogeneous 
(Maxwell, 2004) and interpretative (Denzin and Lincoln, 
1994). Semi-structured interviews are a form of qualita-
tive research used to gather subjective data to form analy-
sis and further understanding (Kimmance, 2002). In this 
paper's scheme, the interviews were used to conceptualise 
the HDI approach and identify the main challenges using 
the interviewee's intuition and experience. Focus groups 
provide stakeholders with’ interactive discussions.  
 An iterative process was carried out to improve and 
validate the models and concepts presented, according to 
the following steps (i) author's group meeting discussion 
was managed for HDI models and concepts development, 
(ii) experts’ semi-structured interviews were conducted 
based on the conceptualised models presentation, (iii) a 
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second group meeting discussion was performed to 
consolidate the experts' answers and establish the final 
models. 

The respondents had experience and practical 
knowledge in law/academic research in the CI, construc-
tion management and information technology. Table 1 
shows the participants involved in the study. The inter-
viewed were from 3 different countries (Portugal, Italy 
and Brazil).  

Table 1: Experts interviewed 

Participant 
number 

Participant Role Country 

#1 CI Legal/Academic  

(Researcher) 

i 

#2 CI Business  

(Senior Executive) 

ii 

#3 Information Technology  

(Senior Professor) 

iii 

#4 CI Business  

(Executive) 

iii 

#5 CI Business  

(Project Manager) 

ii 

#6 Information Technology  

(Project Manager) 

ii 

#7 CI Legal/Academic  

(Senior Consultant) 

ii 

 The approach in the semi-structured interviews was 
centered on the proposed models. The interviews intro-
duction addressed the explanation of the purpose of the 
diagram and the data process, asking open questions 
about their perceptions regarding the possibility of Sen-
sored Construction Sites and HDI. These questions 
surrounded the following: (i) Benefits and challenges of 
Sensored Construction Sites, (ii) Ways the data could be 
used to improve productivity, safety, quality etc., (iii) 
Ways the data can be utilised in contractual agreements 
supported by blockchain, (iv) The way the use of tech-
nology can be applied, (v) Employee reaction to sensored 
construction sites, (vi) Impact and challenges to the em-
ployer, (vii) Views of Sensors and Artificial Intelligence 
(AI) in the construction industry, (viii) Effect of GDPR 
on the use of Sensors and AI-based decision-making, (ix) 
Current legislation on the use of Sensors and AI, (x) Way 
ethical and moral challenges can be minimised, (xi) The 
possible influence of algorithm bias on the framework. 

DISCUSSION AND RESULT ANALYSIS 

The semi-structured interviews range several topics with-
in the central theme over the conceptualised HDI use case 
diagram and information process. Depending on the in-
terviewees' role and background, specific discussions on 
“topics of expertise” were raised, leading to the following 
presented contributions.  

HDI Use Case Diagram  

It was a consensus in the group meeting discussion and 
confirmed by the experts’ that the HDI Use Case Dia-
gram developed should not be totally attached to the IT 
terminology UML (Unified Modelling Language). The 
conceptual diagram aims to achieve a broad public of 
readers’ by being user-friendly and from a visual per-
spective delivering all the HDI piece of information re-
viewed. Figure 1 presents a full view of HDI into the 
craft workforce dimension on sensored construction sites. 
As a behavioural diagram, the concept presented the data 
interaction between the actors' craft workers and employ-
ers (visually represented by the dolls). The ellipses repre-
sentations are the use case that brings different pieces of 
information as actors’ actions, systems, conditions, fea-
tures, processes, and devices, among others. Lines that 
connected the actor to the use cases represent communi-
cation links. The verb inside the stereotype “<< … >>” 

identifies the primary relationship between actors and the 
boundary of uses cases. Finally, the perimeter of the 
square cluster’s uses cases with similar aspects.  

Sensing Technologies will be applied at construction 
sites to monitor the environment conditions and the 
workforce performance (Calvetti, Mêda, et al., 2020). It 
is necessary to manage those devices to collect data, as 
example, embedding customised software or setting per-
missions. Firstly, it is envisaged that employers must 
provide the devices to workers, or that at least the work-
ers are able to use their own devices.  

More important are the actions among the actors at 
the figure center. A transparent relationship between 
workers and companies is mandatory. Prior knowledge is 
required, and it must be clearly stated what data will be 
collected and what will be its uses and sharing. Different 
levels of information can be delimited. As well, it must 
be authorized which actors will have access to which 
data. Information may be shared between different actors 
or platforms. It is essential to define the level of access to 
information and also the data ownership. For example, it 
is necessary to delimit for workers what information 
about their own performance can they share without 
disclosing sensitive/strategic data from companies. Like-
wise, companies can disclose information about their 
projects without characterizing/individualizing the per-
formance of its workforce. Data sharing and the use of 
information can, and should, be monetized. In this sense, 
both employees and employers will have real gains with 
the application of these technologies. As a result, GDPR 
compliant agreements should be celebrated between 
employees and employers. 

Many Conditions (Features) can be ob-
served/collected from craft workers and from the con-
struction site environment (Calvetti, Mêda, et al., 2020). 
That data should be managed to be sent/shared. Finally, 
the processed information about human factors (e.g. 
motivation, fatigue, skills and others) may reflect perfor-
mance evaluation and can finally be stored/used by dif-
ferent information systems. Given the complexity and 
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also the operational cost of these systems, it is natural 
that employers support such investments. However, 
workers should not be just a passive source of data. The 
more the craft workforce interacts with their own perfor-
mance results the better they will understand its useful-
ness. It is necessary to create a virtuous interaction pro-
cess, where the performance' knowledge/improvement is 
beneficial for all parties. Let’s consider a hypothetic 
situation, where the employer supplies a wearable device 
with sensors embedded to measure the craft workers' 
heart rate and location path. The craft workforce is first 
informed about which data is to be collected and pro-

cessed. Awareness and discussion should be made lead-
ing to a conscious agreement. The electronic monitoring 
goal is in assessing the workers' heart rate and location 
path to identify extreme efforts to avoid health issues. 
The company system can cross the workforce data with 
on-site conditions (e.g., temperature and humidity). After 
data analysis, it comes up that the auxiliary craft work-
force was more exposed to be fatigued because of outside 
tasks (picking up products for far storage). To act on this 
issue, micro storage areas near the service front were 
arranged. By performing this the fatigue risk decreased 
and increased task outcomes was achieved. 

 
Figure 1: HDI Use Case Diagram (version 1.1) 

 

HDI Information Process 

The HDI information process represents the data path 
starting by on-site collection through systems/processes 
until the workforce management (Figure 2). The process 
designed is attached to Business Process Model and No-
tation (BPMN). It aims to indicate the data path thought 
different process/systems. The processes colours indicate 
a stronger connection with the innovation vector PPT 
People (red), Process (magenta), Technology (green). 
People are the foundation and source of knowledge of 
any process. The clusters of elements to create 
knowledge are connected to the Processes. Technology is 
the systematics (e.g. hardware, software, methodologies) 
to delivery the established outcomes.  

The designed flow starts by implementing a sensored 
construction site (1) to collect data; forward, that data 
will be transmitted and stored (2) processing is the next 
step (3). This last is pertinent to the future information 
application. At the same time, the desired outcomes will 
guide the sensors type choice. As seen before, many 
sensing technologies are prone to monitor on-
site/workforce conditions and features. 

Two paths can be used. Initially, the information may 
populate BIM and be useful for construction contracts 
performing.  Furthermore, the information can lead to AI 
decision-making. The data may be general, only reporting 
site conditions or the number of workers presented each 
day. However, if the intention is to manage personal 
information (e.g. pay each worker based on-site presence) 
profiling is needed. 
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BIM-COBie is prone to catalogue the human data col-
lection and after that the information may be shared 
through different formats (e.g. IFC, JSON, SQL, XML). 
In this schema, Blockchain may support the validation of 
the information content and foster a smart contract pro-
cess. A smart contract ecosystem is possible by sharing 
information from the BIM to the Blockchain ledger be-
tween the different stakeholders (e.g., client, contractor, 
subcontractor, insurance, bank) (Calvetti et al., 2019). 
Subsequently, the pre-defined clauses/rules are automati-

cally played, based on specific routines developed 
(Nawari and Ravindran, 2019). 

AI decision-making to manage workforce will de-
mand profiling and a series of concerns, mainly regarding 
transparency and cross-validations. Therefore, a human 
must validate any AI decision, as well. The workforce 
must always have the right to contest the AI decisions. 

GDPR compliance focusing on each process is pre-
sented next. 
 

 
Figure 2: HDI Information Process (version 3.0) 

 

Agreements/Rules and Sensored Sites (1). Implementa-
tion and monitoring: Agreements/Rules; Structure for 
EPM; Collecting data. 

The company's higher-level management should 
commit, authorize and sponsor the innovation project, 
setting the requirements and boundaries for the imple-
mentation of a sensored site (Calvetti, Magalhães, et al., 
2020). First, it is necessary an ‘Employee Privacy Notice’ 
that explains how the company is going to process em-
ployees general and personal data (GDPR Art. 12-13-14) 
(European Union - GDPR, 2019). The Worker Explicitly 
Consent is expressed on GDPR Art. 7, where "the request 
for consent shall be presented in a manner which is clear-
ly distinguishable from the other matters, in an intelligi-
ble and easily accessible form, using clear and plain lan-
guage. ..."; and "The data subject shall have the right to 
withdraw his or her consent at any time." (European 
Union - GDPR, 2019). Next, it is necessary to implement 
on-site infrastructure (hardware and software) to support 
the sensors devices (Calvetti, Magalhães, et al., 2020). 
When the systems are operational and the workforce 
informed and in accordance signed a agreement consent, 

the data collection may begins on-site (Calvetti, 
Magalhães, et al., 2020). 
Data Transmission and Storage (2). Strongly cryptog-
raphy. 

GDPR establishes on Art. 5 - 1. e, f: "personal data 
may be stored for longer periods insofar as the personal 
data will be processed solely for archiving purposes in 
the public interest, scientific or historical research pur-
poses, or statistical purposes in accordance with Article 
89 (1)" (European Union - GDPR, 2019). Besides, the 
data/information should be "processed in a manner that 
ensures appropriate security of the personal data, includ-
ing protection against unauthorised or unlawful pro-
cessing and against accidental loss, destruction or dam-
age, using appropriate technical or organisational 
measures (‘integrity and confidentiality’)" (European 
Union - GDPR, 2019). Further, GDPR (Rec. 83) point 
that “the controller or processor should evaluate the risks 

inherent in the processing and implement measures to 
mitigate those risks, such as encryption...” (European 
Union - GDPR, 2019). 
Data Processing (3). Keywords are Data analyses and 
Classification; Visual, Statistical; Artificial Intelligence. 
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GDPR establishes on Rec. 33 "It is often not possible 
to fully identify the purpose of personal data processing 
for scientific research purposes at the time of data collec-
tion. .... Data subjects should have the opportunity to give 
their consent only to certain areas of research or parts of 
research projects to the extent allowed by the intended 
purpose." (European Union - GDPR, 2019). Beyond, 
algorithmic bias considerations should be analysed and 
avoided (e.g. IEEE P 7003) (Calvetti, Magalhães, et al., 
2020).  
Data: general or profile (4). Path to store and share 
processed information could be general data (e.g. on-site 
temperatures, number of workers on-site), or profiled 
(e.g. which worker was on-site, personal performance). 

The workforce must consent data collecting, GDPR 
Art. 7 and 9 (most important it for profiled purposes) 
(European Union - GDPR, 2019). In most cases, can be 
assumed that sensoring sites are a form of profiling the 
workers, see WP251 Guidelines on Automated individual 
decision-making and Profiling (WP29: Independent 
European advisory body on data protection and privacy, 
2018). The data collected may be useful for several pur-
poses, either related to the workforce or the on-site envi-
ronment. The workforce profiling occurs when the bio-
metric data collected has the purpose of uniquely identi-
fying a natural person for assessing different aspects, 
such as how a task is performed, safety behaviours, quali-
ty of work, absenteeism, effort, and fatigue (Calvetti, 
Magalhães, et al., 2020). Based on that, it is mandatory to 
inform in a clear and simple base, which aspects are to be 
evaluated, and when the data will be collected. Most 
important, when it concern workers' profiling that should 
be put in agreement. 
BIM -COBie (5). Database for information standardisa-
tion and storage. 

The data collected and stored on the construction base 
of information (BIM), may be shared data with third 
parties (Calvetti, Magalhães, et al., 2020). Consequently, 
GDPR on Rec. 69 emphasises that "on grounds of the 
legitimate interests of a controller or a third party, a data 
subject should, nevertheless, be entitled to object to the 
processing of any personal data relating to his or her 
particular situation. It should be for the controller to 
demonstrate that its compelling legitimate interest over-
rides the interests or the fundamental rights and freedoms 
of the data subject." (European Union - GDPR, 2019).  
Blockchain (6). Data shared across stakeholders with the 
same piece of information. 

Transparency is a GDPR prerogative (see WP260 
Guidelines on transparency), and a Blockchain system, in 
a private network, can provide the data/information 
blocks validation between the subjects. Forward that data 
will establish a Smart Contract flow.  
Smart Contract (7). Automated process for Information 
sharing; Monitoring KPIs and project constraints; Con-
tract automated execution. 

As stated before, the data storage on BIM and shared 
through smart contracts can either be general (e.g. overall 

workforce worked-hours for paying a subcontractor) or 
each worker's hours to individual payment (Calvetti et al., 
2019). The smart contracts flow must be very transparent 
and clarify which rules will be automated and played in 
as well as the rights of the party/subject to review that 
process (Calvetti et al., 2019). 
Data: profile (8). Path to use data to manage workers' 
based on AI decision-making, been profiling intrinsically 
because of that. 

The workers must explicitly consent their profiles to 
manage specific actions. A "data for good" view is en-
hanced, hoping that new technologies/processes will 
bring benefits for both employees and employers. That 
view remains attached in the legitimate interest principle, 
not confronting employees' fundamental rights and hav-
ing presented an effective communication to provide 
transparency (Calvetti, Magalhães, et al., 2020). The 
concept of data protection by design should present all-
time starting with the implementation of the sensors 
(hardware and software) through the processing, until the 
use of the information (WP29: Independent European 
advisory body on data protection and privacy, 2017, 
2018). 
AI Decision-making, (9). Workforce’ recruitment, train-
ing, bonus, reward, and punishment, among other actions. 

It is fundamental as the WP251 Guidelines on auto-
mated individual decision-making and profiling (WP29: 
Independent European advisory body on data protection 
and privacy, 2018) state in section IV, plus specific pro-
visions on solely automated decision-making, page 23 
(based on Article 22 from GDPR, page 46 (European 
Union - GDPR, 2019)): “The controller must be able to 

show that this type of processing is necessary, taking into 
account if other effective and less intrusive whether could 
adopt a less privacy-intrusive method means to achieve 
the same goal exist, then it would not be 'necessary'.”.  

Human Review, (10). Validation of the AI outcomes. 
Based on GDPR Art. 22 and Recital 77 A human re-

view process is required "The data subject shall have the 
right not to be subject to a decision based solely on auto-
mated processing" (European Union - GDPR, 2019). The 
AI decision-making process should be consented to by 
the employees. 
Blockchain, (11). Data shared across stakeholders with 
the same piece of information. 

Similar to the previous Blockchain process, it will 
provide the data/information blocks historical record. 
What will register both information about AI outcomes 
and Human revision/confirmation to guarantee the trans-
parency of the process. 

Deep Learning, (12). AI to improve decision-making 
algorithms. 

A Deep learning calibration process is recommended 
to allow the human review's perception as to improve the 
AI outputs. 
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Workforce Management (13). Workforce’ recruitment, 
training, bonus, reward, and punishment, among other 
actions. 

Workers’ management is the final goal of the flow. 
Through the data collection and processing, and based on 
pre-established rules, the legally/morally permitted ac-
tions are performed. Any segregation bias will be detect-
ed if the entire process is compliant with the GDPR.  

Audit (14). Keywords are Controller and DPO; Internal 
and external; Board. 

It is fundamental to establish a system of con-
trol/audits throughout the flow (Calvetti, Magalhães, et 
al., 2020). For GDPR compliance, it is necessary to have 
a data controller and DPO (European Union - GDPR, 
2019). GDPR rules that organisations that process/store 
large amounts of personal data must appoint a DPO (Data 
Protection Officers) to oversee the processes. Multidisci-
plinary teams should provide internal and even external 
controls. Most importantly, this process should evaluate 
the sensored sites' impact and pursue the GDPR princi-
ples as values, wellbeing, fairness, equality, transparency, 
and consent (European Union - GDPR, 2019).  

Challenges identified 

Concerning the HDI in sensored sites into the craft work-
force dimension, different topics were collected from the 
interviews. These were grouped and are next presented. 
The stereotype (#) and numbers represent codes that 
correlate to each interviewee in Table 1.  

Data Ownership. In the context of data ownership when 
targeting human data, there are many controversies. Cor-
porations seek profit and seek to improve the perfor-
mance of workers. When a dimension of analysis of this 
performance is envisaged at a nanoscope level (e.g., 
movements, gestures, bodily activities). There is a fine 
line between the analysis of the task and the analysis of 
the human himself who performs this action. It is very 
complex to define which data is related to the project task 
that the company develops, and for which it pays the 
worker’s to perform. And what data is properly referring 
to human beings (workers) that in addition to perfor-
mance reflect their physical and motor skills.  

#1 The data ownership is quite an issue! It could be the 
owner, the public administration (for example, when 
building a hospital) or the contractor. If data becomes 
public, that can be strategic damage for the company that 
developed the structure.  

#2 The companies are the natural owner of the collected 
data. In the future, with improved awareness of the data 
value, Clients will request the data ownership, and it 
could be a big challenge. 

#3 The Companies are the owners of data and sharing it 
will depend on the regulation (GDPR). 

#4 The data ownership will be a challenge/fight, but it 
should provide/share benefits for all stakeholders (work-
ers, construction companies, clients). 

#5 The data ownership is to the company that pays the 
workers. 

GDPR compliance and Law. GDPR is a driver. As well, 
it is a bottleneck. Because it is a new regulation without 
jurisprudence established in practical cases. In addition, 
GDPR brings broad concepts and indicates/grants to 
Member States the specific regulation of acts. In the 
specific case of workers’ monitoring, this prerogative is 

governed by collective agreements for each workers 
category in each Member State. However, although 
GDPR brings fundamental precepts, it ends up not pre-
senting specific regulations. With this, GDPR is always 
remembered and cited as a source of concern, however, 
in itself, it does not bring any solution to make the prac-
tice feasible. 

#1 A framework focused on workers is a relevant topic. It 
can constitute a reason to start a strategic discussion 
within the European Commission in terms of policy de-
velopment and practical case of enablers and barriers. 

#1 As long data is not directly targeting the workforce's 
profiling, such as measuring the construction process as a 
role or improving planning accuracy, the GDPR should 
not be a problem. 

#2 The GDPR will be a challenge for the implementation 
of EPM and AI systems. 

#5 During the pandemic (COVID-19), checking the tem-
perature of workers was discussed, which generated con-
troversies regarding GDPR. 

#6 Based on the GDPR, pre-authorisation of the work-
force is necessary to collect the data and assure the data 
treatment (what for). 

#7 For implementing sensored sites the compliance with 
GDPR and countries legislation (labour legislation and 
collective agreements) is mandatory. 

#7 The Estate Member construction collective agreement 
does not regulate any form of workforce performance 
monitoring, and it should be handled. 

#7 The workforce must explicitly consent to their data 
collection. 

ROI (Return on investment). This nature projects give 
rise to high investments in both human resources and 
equipment. Also, by being a highly innovative approach, 
there are still no off-the-shelf solutions. For this reason, 
most of the time it concerns custom projects. Despite the 
investigative nature of these projects, the time to reach 
the payback can be quite extended and even uncertain. 

#4 It will be a challenge to quantify the real benefits for 
the companies (buyers of these technologies), how they 
will have the ROI. 

#4 This system/framework can provide claim mitigation 
and bring adequate transparency in Construction Compa-
nies and Clients' relationships. 

#4 The most prominent benefit in the field of data infor-
mation is the ability to collect a tremendous amount of 
data (collected for a long time) without human interfer-
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ence/appropriation. This is due to the human observation 
that introduces noise and strain to the assessment. 

#5 The technology has many potentials, and it is a chal-
lenge to solve even a less advanced feature, for example, 
workers entrance on-site (which implies profiling). 

Do profiling or do not profile? The collection of general 
data, for example, related to environmental factors is still 
an important analysis tool. However, failure to personify 
performance analysis inhibits a better understanding of 
the production processes. In addition, without identifying 
each individual, it becomes impossible to deliver specific 
actions, e.g., training, rewards. 

#3 Individual monitoring will bring as a benefit the 
unique opportunity of learning. 

Technological and Specialised Human Resource de-

mands. At the same time, specialists in specific areas of 
information technology are needed, e.g., AI, Blockchain, 
Hardware. Human resources are also needed for many 
different actions, to analyse CI processes, to deal with 
human resources management, and to assure compliance 
with the legislation. 

#3 The significant amount of data and the traffic band are 
technical challenges. 

#4 There is no tool/product or service ready to use for 
this proposed framework. Customised system needs to be 
developed embedding all rules, processes and expertise. 
Given the range of the topics, the development team must 
be multidisciplinary, constituting an even more 
significant challenge. 

#6 The use of Blockchain gates increase transparency in 
the framework. It will be informing the data sets and the 
algorithm's code. 

Equity and Design Bias. The development of systems 
and algorithms are fundamental and require maximum 
care to mitigate bias and promote actions without dis-
criminatory nature. The entire process must be audited by 
internal and external entities with a view to transparency. 

#3 The ethics of design is more dangerous than the algo-
rithms bias because the algorithms bias are already wide-
ly known and easier controlled. 

#4 The AI (decision-making) must be an auxiliary deci-
sion-making tool, meaning that humans should do all the 
decision-making. 

#5 An outside company must conduct the AI (decision-
making) process to maintain the system's transparen-
cy/trust. 

#6 A heterogenic stakeholder involvement (business 
managers, developers, HR people, etc.) as a co-creation 
of the system rules is crucial to prevent the algorithms 
bias and have the ethics in the system design. 

Productivity approach. Undoubtedly, the evaluation of 
health and safety performance is extremely important. 
However, it is the improvement in productivity that most 
enhances the return of investments. With this, it is neces-
sary to confront this reality and in a transparent and fair 

way to seek the analysis and improvement of productivi-
ty. 

#2 Sensored sites main goal should be the ability to as-
sess the construction work performance rather than the 
detailed assessment of the tasks (equipment and work-
ers). It is evident that to achieve it is required to evaluate 
the different parts that constitute the construction work. 

#2 The safety concerns should be the driver to demon-
strate the value of workforce EPM. Following this, there 
are important gains in terms of how stakeholders can use 
data to boost productivity.  

#4 Productivity is the goal that supports the investment. 
Safety and quality are added value sub-products. 

#5 After the production workforce's measurement, it is 
vital to assess the quality of the tasks outcomes (quality). 

#5 Sensored sites implementation should be gradual, and 
following the lessons learned, as previous initiatives on 
safety issues. This strategic approach will streamline the 
sensing technologies introduction in the construction 
industry. 

Human barriers. Certainly barriers will exist and re-
sistance to change is inherent to humans. Nevertheless, 
the workers' fear of possible misuse of information is just 
and valid. In order to break such paradigms, it is neces-
sary to trust systems and especially in people. 

#2 As all humans, the workforce is resistant to changes. 
In addition, workers do not like to be monitored. 

#2 Electronic devices should be embedded in the person-
al protection equipment or in the tools/equipment to 
avoid additional workforce resistance to use. 

#3 In order to break the technological paradigm of these 
types of innovation, benefits should be delivered for the 
workforce. 

#4 The ethical challenge. Workers’ feelings. Labour 
unions authorisation/interest. 

#5 It can be seen that in this pandemic moment that 
workers are averse to wearing masks and maintaining 
adequate social distance (when possible), while technolo-
gy could assist in this monitoring, workers' reaction may 
be contrary to use. 

CONCLUSIONS 

The proposed HDI use case diagram and information 
process concerning craft workforce into sensored sites 
were validated and improved by the involved Construc-
tion Industry Experts. The semi-structured interviews 
provided an in-depth discussion about the theme. Since 
HDI and sensing technologies are cutting-edge themes, it 
is not easy to find expert people in these fields of 
knowledge. Specialists’ identification was challenging, 
and the short sample may not satisfy a generalization of 
the results. However, it seeks to shed light on the discus-
sion.  

Based on the HDI use case, it is concluded that the 
purpose of monitoring must be clear. That is, among the 
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countless human conditions that can be monitored, it is 
necessary to identify and indicate exactly what data will 
be collected and what the expected outputs are. The gen-
eral knowledge delivered in this scheme will provide 
opportunities for specific use cases (analysis of some 
human conditions to evaluate a given performance) to be 
detailed with a focus on the visualization of constraints 
and actors. 

Furthermore, the analysis of the HDI information pro-
cess indicated that it should be continually reassessed and 
audited. At the same time, all management deci-
sions/actions indicated by the systems must be disclosed 
to the parties involved and always supported by human 
evaluation. The visualization of the information process 
flow, containing the connection between each process 
and the GDPR, will allow the processing of specific data 
in compliance with the regulations, and more important-
ly, raising the standards of transparency. 

GDPR is both an enabler and a bottleneck for the im-
plementation of sensored construction sites. Data owner-
ship should be vastly discussed in a way that is a mone-
tary asset. Employees and Employers may share the fi-
nancial results from data use. Experts also raised chal-
lenges in different subjects, as example, profiling and 
human barriers. There was a consensus that a gradual and 
people-centred approach is prone to introduce a higher 
success rate into sensored sites implementation.  

Further research should be done to quantify the sen-
sored construction sites benefits, identification of initia-
tives implemented during COVID-19 and impressions on 
their role, possible ROI measurement and human-centric 
studies confronting craft workers with real returns ob-
serving their behaviours. 
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ABSTRACT 

There has been much work on Scan-vs-BIM, and it has 
implications on construction productivity, quality, and 
safety. However, these methods need to be extended /al-
tered to do real-time Scan-vs-BIM. This paper presents the 
extensions for existing methods such as registration, point 
matching, object detection, and pose estimation to cater to 
real-time Scan-vs-BIM. Further, we describe the applica-
tions for such methods in construction and describes the 
challenges for their implementation. We conclude by im-
plication of this paper on researchers working on aug-
mented reality and construction robotics. 

INTRODUCTION 

The construction sector is going through a paradigm shift 
during the current pandemic by accelerating the adoption 
of several digital technologies (Ogunnusi et al., 2020). It 
has become ever more critical to reduce the number of 
people on the construction site and automate workflows to 
reduce workforces. Although pandemic can be treated as a 
catalyst, the construction sector embracing digital technol-
ogies such as Building Information Modelling (BIM) 
(Sacks, Girolami and Brilakis, 2020), construction robot-
ics (Melenbrink, Werfel and Menges, 2020), and aug-
mented reality (Ahmed, 2019). These technologies, along 
with the advancement in real-time Scan-vs-BIM technol-
ogy, provide opportunities for a connected construction 
site, resulting in increased productivity and better effi-
ciency (Gong and Caldas, 2008; Blanco et al., 2017; Love 
and Matthews, 2019) and eliminates the problems associ-
ated with codification of construction information (Soman 
and Whyte, 2020).  

Real-time data has a great potential for improving 
productivity and safety at construction sites (Dave et al., 
2016; Soman, Raphael, and Varghese, 2017; Chen and Lu, 
2018; Hasan et al., 2019). In this paper, we focus on Scan 
versus BIM for generating real-time data. Scan-vs-BIM 
(Scan-versus-BIM) generates an as-built or as-is BIM by 
comparing an existing BIM to as-built or as-is point cloud 
data, usually obtained either from Simultaneous Location 
and Mapping (SLAM) devices, laser scans directly or via 
3D reconstruction from photographs. Scanning for point 
cloud data has become easier with mobile devices' prolif-
eration with 3D scanning capabilities (Senthilvel, Soman, 
and Varghese, 2017; Otero et al., 2020). Further, edge 
computing (Khan et al., 2019) has enabled efficient and 

faster processing for creating as-built data (Ali, 
Hashemifar, and Dantu, 2020). These developments pro-
vide a great foundation for implementing real-time scan 
versus BIM in construction. 

In this paper, we focus on providing a review of the 
state-of-the-art in real-time scan-vs-BIM technologies. 
This paper contributes to the existing literature that fo-
cuses on applying computer vision for construction by 
providing the methods, applications, and challenges of us-
ing real-time Scan-vs-BIM in construction. The rest of this 
paper is structured as follows. The background section 
would give an overview of the data collection methods and 
representation and the current approaches towards Scan-
vs-BIM and their limitations in real-time applications. 
Methods section would provide the algorithms for ena-
bling real-time Scan-vs-BIM in the context of real-time 
registration, point matching, pose estimation, etc. The ap-
plication section offers a set of applications for then real-
time Scan-vs-BIM in construction, and the challenges pro-
vide the current difficulties in enabling real-time Scan-vs-
BIM. Conclusions are presented in the final section, and 
directions for future research are described in that section.  

BACKGROUND 

Data collection and representations 

Scan-vs-BIM requires a 3D point cloud, ideally supple-
mented by per-point surface normals and RGB values, ac-
quired by laser scanning or 3D reconstruction from 2D or 
2.5D images.  

Laser Scanning 
Laser scanning techniques include terrestrial, mobile, and 
aerial laser scanning (Wang, Tan, and Mei, 2020). Portable 
systems that use a person manually operated trolley or ter-
restrial robot as a platform and aerial systems mounted on 
an Unmanned Aerial Vehicle (UAV) are most suitable for 
real-time data collection purposes. Both systems involve 
additional sensors to determine the position and orienta-
tion of the scanner, e.g., a GPS (Global Positioning Sys-
tem), IMU (Inertial Measurement Unit), or cameras for 
visual localization via SLAM (Simultaneous Localization 
and Mapping) (Thomson et al., 2013). To register multiple 
point clouds from separate laser scans within the same co-
ordinate system, a two-step coarse- and fine registration 
process is necessary (Pătrăucean et al., 2015; Wang, Tan, 
and Mei, 2020). Coarse registration extracts an initial 
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transformation matrix for two overlapping point clouds by 
detecting and matching local features (Guo et al., 2014). 
Fine registration optimizes the alignment, usually with a 
variant of the Iterative Closest Point (ICP) algorithm. Reg-
istration of point clouds acquired from mobile and aerial 
systems can be SLAM-driven (Kim, Chen, and Cho, 2018) 
or performed with real-time variants of ICP (Pomerleau, 
Colas and Siegwart, 2015). 

3D Reconstruction from 2D or 2.5D image data 
3D reconstruction is used to retrieve coherent 3D scene in-
formation, e.g., point clouds or surfaces, from a set of 2D 
(RGB) or 2.5D (RGB-D) images. Necessary sub-tasks are 
registration and fusion, i.e., the combination of infor-
mation from multiple images or frames into a single rep-
resentation without redundancy. For 2D (RGB) images, 
registration is performed by using Structure-from-Motion 
to obtain camera poses, followed by Multi-View Stereo for 
dense surface reconstruction (Musialski et al., 2013; Han 
and Golparvar-Fard, 2015). Fusion is solved inherently 
through triangulation. For 2.5D (RGB-D) images, the reg-
istration process resembles the two-step mentioned above 
process of coarse- and fine registration, as depth maps are 
generally converted to point clouds: Adjacent images 
coarsely aligned, by detecting and matching local features, 
followed by pairwise registration using ICP and a subse-
quent global registration, i.e., loop closure (Zanuttigh et 

al., 2016). SLAM techniques perform registration, fusion, 
and 3D reconstruction simultaneously and in real-time. Ki-
nectFusion (Newcombe et al., 2011) is a popular approach 
that employs volumetric fusion, as first described by Cur-
less and Levoy (Curless and Levoy, 1996), using a trun-
cated signed distance function (TSDF) within a discrete, 
volumetric scene representation, i.e., a voxel-grid, to rep-
resent the reconstructed surface. The fused TSDF can be 
obtained by merely updating a weighted running average 
of accumulated TSDF voxel values every time a new view 
is added. Since the TSDF is an implicit surface represen-
tation, an explicit representation can be extracted by com-
puting its zero-crossings. (Newcombe et al., 2011) uses 
ray-casting to visualize the surface model. 

Indoor Mobile Mapping Systems 
Mobile systems for indoor data collection based on 2D or 
3D laser scanners or use 3D reconstruction techniques 
based on RGB or RGB-D sensors are called Indoor Mobile 
Mapping Systems (IMMS) (Tucci et al., 2018). Although 
terrestrial laser scanning still provides the most accurate 
measurements (Otero et al., 2020), IMMS allows for much 
faster data acquisition of large facilities (Lehtola et al., 
2017). Furthermore, certain devices, e.g., handheld or ro-
bot mounted devices, enable mapping difficult to access 
areas, such as crouch-spaces and MEP installations. Com-
pared to terrestrial laser scanners, which achieve survey-
grade measurement accuracy of 0.3 to 2mm, IMMS sys-
tems commonly provide measurement accuracy between 1 
to 5 cm (Otero et al., 2020). 

The data acquisition speed and the accuracy, density, 
and noise of the resulting point cloud vary significantly 
between different Indoor Mobile Mapping Systems 

(IMMS). Furthermore, the quality of the resulting point 
cloud is also influenced by factors relating to the specific 
device's operation, e.g., walking speed, hand movements 
(for handheld devices), and sudden turns while walking 
(Tucci et al., 2018). IMMS with 3D Lidar sensors based 
on wheeled platforms has been among the systems produc-
ing the most accurate point clouds. Although these devices 
mitigate operative mistakes, such as vertical hand or body 
movements or sudden turns while walking, they introduce 
the added limitation that data collection is mostly limited 
to flat surfaces (Lehtola et al., 2017). Recently, handheld 
devices using 2D Lidar sensors have achieved even higher 
mean accuracies (Otero et al., 2020). 

Current approaches to Scan-vs-BIM 

Scan-vs-BIM approaches can be distinguished depending 
on whether they utilize point clouds or intermediary image 
data for BIM object recognition, i.e., to verify the presence 
or absence of BIM objects in a point cloud. 

Object recognition from point cloud data 

Approaches of the first kind usually perform (1) registra-
tion of point cloud and 3D BIM data, (2) point cloud seg-
mentation by matching individual points to BIM objects, 
and (3) object recognition from segmented points. Point to 
BIM object matching generally uses point-to-plane dis-
tance metrics. Subsequent object recognition uses metrics 
based on either the absolute number of matched points 
(Son and Kim, 2010; Zhang and Arditi, 2013) or the object 
surface area covered by matched points. 

Surface coverage metrics for object recognition are of-
ten employed with the goal of invariance towards point 
cloud density. Bosché et al. introduced and improved a 
Scan-vs-BIM approach in a series of papers (Bosché and 
Haas, 2008; Bosché, 2010; Turkan et al., 2012; Bosché et 

al., 2013) that computes the percentage of recognized sur-
face area in relation to the recognizable surface area, as 
defined by both self-occlusions and occlusion by other ob-
jects. Rebolj et al. (Rebolj et al., 2017) match points to 
three orthographic surface projections per BIM object and 
project matched points orthogonally onto the closest plane. 
Total surface coverage is estimated by rasterizing all three 
projected surfaces and calculating the surface area of those 
raster cells that contain points as a percentage of their total 
surface area. Tran et al. (Tran and Khoshelham, 2019) con-
struct an alpha shape based on the matched points per ob-
ject surface and calculate the total surface coverage as the 
sum of the alpha shape surface areas over the total object 
surface area. Occlusions are not considered. 

Object recognition from image data 

Instead of or in addition to reconstructed point clouds, 
Scan-vs-BIM approaches of the second kind register 2D 
images with 3D BIM data and subsequently back-project 
BIM semantic information, i.e., instance segmentation, 
onto the image planes to enable the application of 2D ob-
ject recognition techniques (Han and Golparvar-Fard, 
2015; Han, Degol and Golparvar-Fard, 2018; Kropp, Koch 
and König, 2018; Braun et al., 2020). 
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METHODS AND EXTENSIONS FOR 

REAL-TIME PERFORMANCE 

Real-time registration 

The registration of 3D BIM information with point cloud 
data is an essential task for all Scan-vs-BIM approaches. 
The commonly performed ICP-based fine registration step 
needs to be run at a sufficiently high frame rate to allow 
for live visualization: typically, approximately 24 frames 
per second. ICP iteratively improves the most likely point 
correspondences. During each iteration, the closest point 
computation of the basic ICP algorithm has a quadratic 
complexity (O(n2)) and presents the main bottleneck for 
real-time performance (Castellani and Bartoli, 2020). 
Real-time variants of ICP (Castellani and Bartoli, 2020) 
have been explored for real-time registration of continu-
ously collected point cloud scan data, given that the point 
clouds are already coarsely pre-aligned, as is the case if for 
a laser scanner mounted on a mobile platform or held still 
by a person moving through a building (Pomerleau, Colas, 
and Siegwart, 2015). However, real-time registration of 
scanned point cloud data with a complete 3D BIM, or a 
subset thereof, still presents a significant challenge, espe-
cially right after the data collection process has started 
since an initial rough registration of a small scan with a 
large model needs to be performed. An initial manual or 
visual alignment of scanner and BIM, i.e., a known origin 
pose for the scan, would simplify or make this problem at 
all feasible. Real-time indoor localization approaches from 
BIM data, developed for scan planning, could be leveraged 
for this purpose (Acharya, Khoshelham, and Winter, 2019; 
Asadi et al., 2019). Further research is necessary to deter-
mine the most suitable approach to this problem. 

Existing Scan-vs-BIM approaches: Real-time point 

matching and BIM object recognition 

Opportunities and challenges for real-time extensions of 
the Scan-vs-BIM approach depend on the underlying data 
representation, i.e., point cloud or RGB/RGB-D image.  

Point-cloud-based approaches 
Approaches that generate as-designed point clouds from 
BIM data, e.g., using ray-casting with the same azimuth 
and elevation angles as a respective terrestrial laser scan 
(Bosché, 2010), are not easily extendable to real-time per-
formance since the azimuth and elevation angles of a point 
in relation to an origin position cannot be extracted from 
the output of an IMMS. IMMS has (1) a scan origin that is 
continuously in motion and (2) doesn't produce individual, 
intermediary scans in a standard format that represent in-
dividual points in the coordinate system of the scanner and 
from which their azimuth and elevation angles can hence 
readily be obtained. Instead, an internal, intermediary rep-
resentation is used from which a point cloud in a standard 
exchange format is generated during a post-processing 
step (Lehtola et al., 2017; Tucci et al., 2018). In formulat-
ing the point-to-object matching problem as the task of 
finding the closest point-to-point or point-to-plane dis-
tance, real-time methods developed for registration pur-
poses, e.g., extensions to ICP (Castellani and Bartoli, 

2020), could be leveraged. Further research is necessary to 
identify and apply approaches that extend data association 
between the point cloud and 3D BIM representations for 
Scan-vs-BIM towards real-time performance. 

Image-based approaches 
Scan-vs-BIM approaches that employ 2D object recogni-
tion readily lend themselves to extensions for real-time 
performance, as many mature, real-time 2D object recog-
nition methods are available and can be directly applied. 
These include deep-learning-based methods, such as light-
weight, single-shot object detection models (Redmon and 
Farhadi, 2017). Lightweight refers to a fast, memory-effi-
cient model, and single-shot describes the process of gen-
erating candidate detections in parallel instead of requiring 
multiple iterations of generating and evaluating candidate 
detections. 

Real-time 3D object detection, pose estimation, and 

CAD model alignment 
For many applications, verifying the presence, comple-
tion, or pose of all BIM elements in a given scan is unnec-
essary. Often the status of specific elements needs to be 
verified individually. For this purpose, instead of register-
ing the entire 3D BIM with the scanned point cloud up-
front, the BIM can be used as a database of 3D CAD mod-
els to be detected in and aligned with the scanned point 
cloud. The task of 3D object detection and pose estimation 
in RGB or RGB-D images is an established research area 
in the Computer Vision community. Many solutions exist, 
including approaches that use 3D CAD models as geomet-
ric priors (Lim, Pirsiavash and Torralba, 2013; Sun et al., 
2018; Li, Wang, and Ji, 2019; Park, Patten, and Vincze, 
2019; Peng et al., 2019; Zakharov, Shugurov and Ilic, 
2019; Li et al., 2020) and real-time approaches that are of-
ten based on lightweight, single-shot object detection 
models (Kehl et al., 2017; Redmon and Farhadi, 2017; 
Tekin, Sinha and Fua, 2018; Hu et al., 2019). Moreover, 
instead of aligning objects with images, several ap-
proaches have been developed to retrieve CAD models 
from a shape database and align them directly with a 3D 
scan during data collection in real-time (Kim et al., 2013; 
Li et al., 2015). 
In addition to the above considerations, many method's 
processing time depends on their hardware and specific 
application. A virtual reality headset imposes more re-
strictions on its computing hardware due to its small form 
factor and proximity to its wearer's skin than a computer 
mounted on a moveable trolley, for example. 

APPLICATIONS 

This section provides the potential applications of real-
time Scan-vs-BIM applications for use in construction 
sites. These applications rely on having 3D sensing tech-
nologies on the site through stand-alone devices, inte-
grated into augmented reality headsets, mobile devices, or 
construction robots, as well as a semantically enriched dig-
ital information model. 
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Progress monitoring 

The construction phase of projects is dynamic, and activi-
ties at the construction site change rapidly, making real-
time progress monitoring necessary (Kopsida, Brilakis, 
and Vela, 2015; Omar and Nehdi, 2016). Although there 
are various technologies for automated progress monitor-
ing, real-time Scan-vs-BIM offers the advantage that the 
latest information is visualized and computed simultane-
ously. Mixed reality has been used as real-time progress 
monitoring in construction projects (M. Kopsida and 
Brilakis, 2016; Marianna Kopsida and Brilakis, 2016; 
Kopsida and Brilakis, 2020). These methods can be com-
bined with constraint-checking frameworks (Soman, 
Molina-Solana, and Whyte, 2020) to understand the devi-
ations' knock-on effects. 

Quality inspections 

Quality inspections can be augmented using real-time 
Scan-vs-BIM. There have been methods developed for 
marker-less registration into a real environment (M. 
Kopsida and Brilakis, 2016). Once BIM is registered to the 
natural environment, real-time Scan-vs-BIM can identify 
the design model's variations. Prior research has used vi-
sion-based methods to detect deviations and defects by 
comparing a design model with real-world information. 
(Park et al., 2013; Kwon, Park and Lim, 2014; Zhou, Luo 
and Yang, 2017). However, these methods use image 
matching for detecting deviations. Real-time Scan-vs-BIM 
using 3D data would give a better comparison with design 
models. Further, these could be used to evaluate real-time 
clash detection prediction using AR (Salem, Samuel and 
He, 2020) and machine learning (Hu and Castro-
Lacouture, 2019). This could invoke design changes in the 
model if there are variations between the designed and 
constructed model. 

Safety inspections 

Safety inspections are another area where real-time Scan-
vs-BIM could make an impact. Prior research has used 
mobile photogrammetric devices to capture point clouds 
and then used it to compute safety parameters (Teizer et 

al., 2017). Augmented reality has been employed to eval-
uate and do real-time safety checks in construction 
(Huang, 2020), such as crane navigation (Lin, Petzold, and 
Hsieh, 2020). Real-time Scan-vs-BIM can further improve 
the usability of such techniques by comparing the real 
world with a design model and a set of rules from regula-
tions. 

Indoor navigation 

Construction robots are becoming more and more perva-
sive in construction sites. However, robotic navigation in 
a cluttered environment is a highly computational task. Re-
searchers have sought drones' support to capture 3D data 
of construction sites (Kim et al., 2019) and reconstructed 
it to plan optimal routes for robots (Nikoohemat et al., 
2020). Vision-based technologies have a great potential to 
aid indoor navigation (Li, Cheng, and Chen, 2020). Real-
time Scan-vs-BIM can further assist these algorithms by 
providing real-time algorithms (Xu et al., 2020). This is a 

context of the building by comparing it with the latest se-
mantic information models.  

CHALLENGES 

Challenges for real-time Scan-vs-BIM approaches arise 
from (1) the characteristics of mobile data collection sys-
tems, e.g., IMMS, and (2) the underlying problems Scan-
vs-BIM, i.e., registration and geometry comparison. In the 
latter context, there are specific challenges for both ex-
tending existing Scan-vs-BIM approaches for real-time 
performance and applying novel 3D object detection, pose 
estimation and CAD model alignment from the field of 
Computer Vision to the Construction context. 

Data collection 

With measurement accuracy between 1 to 5 cm for mobile 
mapping systems, real-time Scan-vs-BIM approaches are 
required to handle significantly more deviations between 
the as-designed and as-built geometries of individuals 
BIM objects. As the horizontal and vertical scan resolu-
tions of an IMMS can differ dramatically, depending on 
the device's rotation axis/axes (Tucci et al., 2018), varia-
tions in point cloud density need to be considered. Future 
work needs to compare terrestrial laser scanning with 
IMMS, both Lidar- and SLAM-based, specifically for in-
door Scan-vs-BIM. 

Moreover, most IMMS perform point cloud registra-
tion as a post-processing step, and no system is currently 
capable of continuous registration during data collection 
(Lehtola et al., 2017; Tucci et al., 2018). However, to en-
able real-time Scan-vs-BIM (or any other real-time appli-
cation), a mobile mapping system capable of real-time reg-
istration, providing a continuously updated mapping of the 
environment, must be used. Currently, only SLAM sys-
tems based on RGB-D sensors can give this kind of real-
time data output. It remains to be seen how far IMMS 
based on 2D and 3D Lidar sensors will be developed to 
provide this functionality. 

Registration and geometry comparison for Scan-vs-

BIM 

As mentioned above, real-time registration of scan data 
with a complete 3D BIM, or a subset thereof, still presents 
a significant challenge. Future research needs to identify 
or develop real-time fine registration algorithms to register 
continuously collected scan data in the form of point 
clouds or mesh models with 3D BIM data. In addition, the 
problem of the initial rough registration given a small scan 
with no distinctive features, e.g., a segment of a hallway 
with plain walls and ceilings or one of many empty rooms, 
needs to be solved. 

Moreover, current point-cloud-based Scan-vs-BIM ap-
proaches are not easily extendable for real-time perfor-
mance, as the real-time methods to perform data associa-
tion between the point cloud and 3D BIM representations 
need to be identified. Although image-based Scan-vs-BIM 
approaches are suitable for real-time extensions, they are 
currently mostly applied to outdoor applications within the 
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Civil Engineering community. Further research is neces-
sary to use existing real-time object detection and semantic 
segmentation models as part of a Scan-vs-BIM system and 
test it in indoor environments. 

Applying novel 3D object detection, pose estimation, 
and CAD model alignment approaches developed within 
the Computer Vision community to single-object Scan-vs-
BIM problems seems promising for real-time applications. 
However, these methods have currently only been tested 
on small sets of small-scale objects, and further research is 
necessary to evaluate these approaches for comparison 
with multiple BIM objects or even a complete 3D BIM, 
containing large scale, featureless, repetitive, and not dis-
tinguishable objects, e.g., walls and slabs. 

CONCLUSION 

Existing methods for Scan-vs-BIM need to be extended to 
make them suitable for real-time analytics. This paper has 
presented suggestions for performing registration, point 
matching, object detection, and pose estimation. This pa-
per contributes to the existing knowledge base on com-
puter vision for construction in several ways. First, this 
study identifies the limitations of existing methods for 
Scan-vs-BIM with respect to their real-time performance. 
Second, this paper addresses these limitations by provid-
ing suggestions for extensions to improve their real-time 
performance. Third, we present the applications for real-
time Scan-vs-BIM in construction. Fourth, we have iden-
tified the challenges for the implementation of real-time 
Scan-vs-BIM technologies in construction.  

This research study has implications for researchers 
working in computer vision, augmented reality, and con-
struction robotics. Researchers working in computer vi-
sion can use this paper's suggestions to improve their al-
gorithms' real-time performance. Researchers working in 
augmented reality in construction can consider this paper's 
recommendations to improve their real-time registration, 
pose estimation, and BIM alignment methods. Researchers 
working in construction robotics can use the suggestions 
presented in this paper for BIM-assisted indoor navigation 
and indoor localization. There is a potential for research in 
construction robotics towards developing autonomous ro-
bots for construction progress monitoring, quality inspec-
tion, and safety inspection. 
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ABSTRACT 

The field of Unmanned Aerial Systems or Drones is still 
under development by the challenges of regulation and 
technology readiness for certain applications. The 
application of emerging technologies and robotics incites 
the growth of productivity on repetitive and exhaustive 
tasks for human and represent a rapid solution for data 
collection methods. The UAS presents opportunities to 
contribute and carry out urban planning tasks in a reduced 
time and risks, and appropriately supportive for COVID-
19. Therefore, a case study is presented to illustrate the 
process of UAS data collection and conclusions drawn for 
delimitating urban communities.    

INTRODUCTION 

The COVID-19 pandemic has significantly changed the 
values and methods to live life. Nowadays, humans are 
plugged into technology to survive and generate eco-
nomic contributions to society. Therefore, strategies un-
derpinned on solid automation cases for the significant 
contributors to nations’ GDP levels aligned to the Sustain-
able Development Goals shall be designed along with 
emerging technologies as the concept of Society 5.0 and 
Industry 4.0. 

The concept of Society 5.0 has been defined by the 
Japanese government as merging the real-world and cy-
berspace to promote wealth by scientific and technologi-
cal innovation migrating from “smart cities” to “super-
smart cities”. Therefore, this vision stimulates research on 
robotics and technologies that can contribute to the ade-
quacy of well-being facilities; and pursue the faculty of 
sustainable happiness (Deguchi, et al., 2020). Another 
strategy is Industry 4.0 by Germany. The strategy is look-
ing to improve the rate of emerging technology adoption 
to overachieve a comprehensive transformation of the in-
dustrial production. The last strategy has been tested in 
countries such as Brazil (Siltori, et al., 2021). However, 
the strategy of Society 5.0 is oriented to the specific case 
to be covered in this paper. 

A recent redesign on the traditional user-experience 
models of aerial robots such as Unmanned Aerial Systems 
(UAS) or Unmanned Aerial Vehicle (UAV) has provoked 
explorations on its potential for diverse fields. The re-
search for possible UAS applications within urban plan-
ning development is emerging given the several needs that 
the specified aerial robots and technologies can address. 

The change management in learning organisations occur-
ring with UAS and urban planning is related to cost-ben-
efit solutions against actual workflows and image resolu-
tion obtained from satellites. The UAS covers a real-time 
smaller range of area than satellites. In other words, UAS 
assists satellites in enriching the spatial analytic compo-
nents of accurate geospatial data by monitoring the devel-
opment of cities and human mobility. 

The accuracy of geospatial data allows urban develop-
ers and policymakers to improve citizen experience-ori-
ented to well-being and happiness. For instance, some 
typical applications related to this purpose with UAS  tar-
get the monitoring of urban development (Gallagher & 
Lawrence, 2016), identification of vulnerable communi-
ties for disaster recovery (Wu, et al., 2020), measurement 
of the solar irradiation level potential (Nelson & Grubesic, 
2020), precision agriculture (Hu, et al., 2019), smart con-
tracts for city development (Alladi, et al., 2020), city her-
itage preservation (Templin & Popielarczyk, 2020), and 
law enforcement (Li & Liu, 2020). 

However, the challenges listed in the literature address 
different management levels.  

On the low-level workers or technical aspects of UAS 
implementation, there are significant challenges concern-
ing design and fabrication, power supply, endurance, and 
radio control distance (Hassanalian & Abdelkefi, 2017). 
These challenges directly affect the cost-benefit plans and 
the micro aerial robot tasks operation (Duffy, et al., 2017). 
In addition to the weight, dimensions, materials, and op-
eration boundaries hindering the agility process of de-
ployments and, in a particular context, the implementation 
of UAS in urban and rural areas (Norzailawati, et al., 
2016). In high and middle levels of management, it is es-
sential to keep awareness of the regulations applicable to 
UAS applications—as these could lead to strong limita-
tions. 

Understanding and Contrasting of UAS Regulation 

Limitations 

The UAS regulatory bodies of the European Union Avia-
tion Safety Agency (EASA) provide a detailed account of 
limitations. The EASA’s regulations are conveyed in 
UAS design and operations with the (2019/945) & 
(2019/947) respectively. The proactive regulations im-
posed for the circumstances of operating in proximity to 
assembled people aim to protect the privacy of residences 
and maintain national security. However, the “specific” 
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category, in which it is possible to operate in urban areas, 
could be an arduous process for experienced research pi-
lots to re-adequate and recognise the UAS qualification 
from outside the EU zone. Therefore, the harmonisation 
process of UAS qualification is an internationally ongoing 
process and might take several business cases to accom-
plish. For example, The UAS regulations of the United 
Kingdom have a similar structure to the EU regulations to 
fluently evaluate authorisations.  

In any case, other countries may manage the regula-
tory aspect throughout the council’s governance or unre-
stricted the usages of UAS. The last alternative could de-
liver wisdom on the practices of its implementation 
(Grubesic & Nelson, 2020) as could be the case of the Do-
minican Republic. The regulation in this country is more 
flexible than the aforementioned countries—where the 
operations with UAS in urban areas are carefully moni-
tored and unrestricted (Vanderhorst, et al., 2021). 

Therefore, the aim of this paper is to illustrate the ap-
plications of UAS in a flexible context so that its explora-
tion for a council can assist during the delimitation pro-
cess of urban municipalities and extend its versatility in 
the Dominican Republic. 

LITERATURE REVIEW  

Understanding of Society 5.0 

The emerging concept of Society 5.0 is based on scientific 
cases, and for the case of UAS,  successful cases make 
easier its integration. Adopting emerging technologies 
and robots could generate apprehension for different 
governments and citizens by the triggering involved in the 
change management such as generational relief and 
capabilities requirements (Demir, et al., 2019). For these 
reasons, the triggers that the adoptions of multiple 
technologies (Industry 4.0) for super-smart cities or the 
Japanese concept of Society 5.0 will be needing technical 
and ethical frameworks for the adoption process in 
overseas countries. The vision underlies the reduction of 
human alienations and productivity enhancement 
throughout the implementation of cyber and physical 
robots. Thence, humans can be specialised in innovative 
and creative tasks aligned with their Ikigai (Kumano, 
2018). Therefore, the understanding, ethics, frameworks, 
and cases of technology assisting humans could be 
extrapolated in the built environment in order to allocate 
the areas of improvement and replicate the model in other 
countries. For example, in the European Union is taken 
the concept of industry 5.0 as a coherent integration of 
technologies towards sustainable resilience and satisfying 
life of workers (Breque, et al., 2021). This vision makes 
reference to the society 5.0 adding updates regarding 
COVID-19 and resilience variable for the society. The 
vision assumes that economic recovery would be lead by 
applying technologies in a more fulfilling and human-
centered way. However, how these concept would be seen 
and applied in cities? 

The concept of smart cities has been generally related 
to improving the experiences of humans with 
technologies in terms of transport and energy. However, 
the introduction of technologies onto the existing 

infrastructure facilities and systems of cities is a 
challenging process; in contrast, to building them with an 
government technological vision of the city. For instance, 
the 2011 Tohoku earthquake produced significant 
changes in the Kashiwa-no-ha government vision of smart 
cities. The government vision allowed to guide the city 
towards an eco-friendly urban development, focused on 
longevity and new industrial developments. The vision 
and changes made to the urban structures were based on 
the lessons learned from the spatial distribution between 
infrastructures and their interconnections of data, 
information, monitored shared services, and traffic flow 
divergences in the city (Deguchi, 2020). In these cases, of 
traffic and infrastructure a system as the Unmanned Aerial 
System (UAS) was required for the acquisition and 
integration of data as well as softwares for its analysis and 
coordination processes.  

Some of the most relevant reasons to apply emerging 
technologies as the UAS are the need of innovation and 
competitive advantage (Otala, 1995), risk reduction in 
humans, rapid data collection process, requirements of 
high-resolution images, accuracy of data and 
digitalisation of the real-world with the integration of 
Building Information Modelling (BIM). In terms of the 
general adoption rate of technology, innovations can be 
seen as disruptive or progressive. In the case of the UAS, 
the rate tends to be disruptive by the substantial 
productivity increment in data collection process 
experienced in the field (Vanderhorst, et al., 2020). 

However, the “how” of the innovation adoption seems 
to be a gap to explore in the scientific field, especially for 
urban planning oriented to improve the decision-making 
process of councils regarding to data-driven desicions, 
mobility, resilience and energy. Figure 1 illustrates a 
vision to be developed while digitalisation and aerial 
robots of the environment are achieved. 

 

 

While this vision is in process, the current capabilities of 
UAS and the pandemic make to consider to work with the 
current matured and low risk UAS and operations. In the 
future, UAS, artifitial inteligent and quantum computing 
could made possible sophisticated operations and 
assessment. For example, (i) Rights of the sensitivity 
artificial intelligence to mirror, erase or monitor recorded 
behaviors of people on social media, (ii) the impact and 
concerns of autonomous 360° live-streaming reality 
capture of inaccessible vulnerable communities after 

Figure 1: Urban city with the adoption of technologies and 

robotics  
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biological disasters; (iii) the social and economic 
implications of eatable parts and threats of a biological 
quantum UAS for the animal and human realm without 
mentioning the discussion of UAS and propulsion 
methods for transport people and goods. Nevertheless, the 
following section describe the UAS and its role in urban 
planning.  

Unmanned Aerial System and Urban Planning 

UAS are designed in accordance to the task to be 
addressed. There are different UAS categories according 
to the aerodynamic design, weight, and context in which 
it is developed. According to the design (Greenwood, et 
al., 2019) a hierarchy of UAS is established. Aerial robots 
have three types:  fixed-wing (as an airplane), VTOL 
(hybrid between airplane and helicopters) and rotorcraft 
(as quad-copters). Differences can be identified in regards 
to the design, the flight time, price, and manoeuverability 
for each type. Fixed-wing and VTOL UAS have more 
energy efficiency on the flight time than rotorcraft 
models. However, the energy efficiency compromises the 
manoeuvrability of the UAS on confined and complex 
data collection spaces, for example, building and bridge 
inspection. In extended areas, fixed-wing and VTOL UAS 
are the most suitable solutions. (Siebert & Teizer, 2014) 
describe parameters in applying photogrammetry with 
UAS , which is recommended to be between 100 m2 to 
100,000 m2 during the operation. Furthermore, the 
determination of the most appropriate tool for the 
assessment can be affected by the cost level linked to the 
implementation of UAS and the implications of its 
operation. Therefore, the utilisation of UAS is still under 
exploration for certain tasks and subcategories of urban 
planning; frameworks for adoptions and applications for 
COVID-19 still on development. 

Reviewing the literature systematically as 
(Vanderhorst, et al., 2019) on UAS applications for urban 
planning, through a text mining approach with Scopus 
database, less than 600 manuscripts referring to “UAV” 
and “Urban Planning”  were found and the visual data 
mining tool expressed 4 clusters  or topics related urban 
planning (as shown in Figure 2). Moreover, detailed 
keywords referring to the technical aspects of urban 
planning were found as shown in the green cluster (Figure 
3). Additionally, implementations were observed in 
several subcategories within urban planning such as 
Construction (Faris Elghaish, et al., 2020), Infrastructure 
(Greenwood, et al., 2019), Traffic (Barmpounakis, et al., 
2016; Hubbard & Hubbard, 2020), and Agriculture 
(Tsouros, et al., 2019). 

However, the link between urban planning and those 
fields should be investigated in detailed for councils. 
Furthermore, cases on urban planning are still under 
evaluation due to the contemporary issues of urban areas 
regulations and capability of the sensors to address tasks 
mentioned in (Noor, et al., 2018). For example, radio 
frequency legal distance transmission power, zoom UAS 
lens, thermal and infrared cameras regulations, and ethics 
on substance carriage. Tasks related to disaster 

management, law enforcement, search and rescue were 
also identified as seen in Table 1. 

 

 

 

 

Table 1: Application of UAS within Urban Planning 

Field Tasks Literature 

Construction Monitoring, inspection 
and safety 

Surveyings 

4D BIM Progress reports 

(Faris 
Elghaish, 

et al., 
2020; 

Vanderhor
st, et al., 

2019) 

Infrastructure Bridge inspections 

Monitoring Infrastructure 

Inspection of 
Infrastructures 

(Greenwo
od, et al., 

2019) 

Traffic Traffic Flow monitoring 
and management 

Vehicle detection 

Traffic incidents 

Travel time measurement 

Monitoring connectivity 
and security issues 

(Barmpou
nakis, et 
al., 2016; 
Hubbard 

& 
Hubbard, 

2020) 

Agriculture Weed Mapping and 
Management 

Vegetation Growth 
Monitoring and Yield 
estimation 

Vegetation Health 
Monitoring and Diseases 
Detection 

Irrigation Management 

Corps Spraying 

(Tsouros, 
et al., 
2019) 

Figure 3: Literature for UAS outcomes 

 

Figure 2: Literature text mining approach 
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Urban 
Planning 

Swarm of Drones 

Rapid monitoring, 
assessment and mapping 
of natural resources 

Cadastral Applications 

Land Management 

Land consolidation 

Disaster Monitoring 

3D reconstruction to 
Historical buildings 

(Noor, et 
al., 2018; 

Kuru, 
2021; 

Sadhasiva
m, et al., 
2020). 

 

The urban planning tasks are addressed with 
technological tools such as satellite images, google earth, 
airplanes, helicopter LiDAR, and photogrammetry. 
Nowadays, the gaps and challenges faced by the tools for 
making an efficient and accurate result have been reduced 
with the UAS; mainly with the purpose of data capturing, 
where UAS offers a feasible solution depending on the 
sensors used for data capturing.  For example, measuring 
traffic flow (Gattuso, et al., 2021), particle matter (PM2.5) 
(Li, et al., 2019), radiation in drinking water (Salmirinne 
& Hyvönen, 2017), koala and primate identification 
(E.corcoran, et al., 2019; Spaan, et al., 2019) and  
conditions of the cities as previously discussed. The data 
acquired helps to build a more real cyberspace that (in the 
future) could feed unmanned autonomous robots 
accessing a cloud-quantum computing-based to support 
human activities. Thus, leading to big-data analysis and 
artificial intelligence solutions for human problems to be 
more efficiently addressed. For instance, the 
identification of feasible aerial taxi routes, ideal UAS 
heliport locations, UAS houses, building re-adaptation for 
UAS noise, post-pandemic urban planning designs, 
seasonal land-use changes, and elder villages allocations,  
sharing social development amongst communities, and 
climate change risk plans will be some tasks that the 
futurist vision intends to solve. In addition, the 3D 
reconstruction of exoplanets and space-time travel may be 
possible in a distant future.  

However, UAS for the mobility of citizens appears to 
be a possibility for the next post-pandemic generation. 

Barriers of Society 5.0 and Unmanned Aerial Systems 

Despite the benefits that the concept of Society 5.0 and 
the application of UAS present, there is a factor which 
produces doubt and scepticism from different manage-
ment perspectives on its execution. In terms of the society 
5.0 concept, the identified barriers for its adoption in so-
ciety are oriented by legal aspects, acceptance of working 
along robots, mental disorders, human substitution, or-
ganisational changes on human resource departments, 
ethics on robots, human competition with robots and busi-
ness cases (Ivanov, et al., 2020; Demir, et al., 2019; 
Deguchi, 2020).  

However, the adoption of robots in the Dominican Re-
public has been sluggish in respect to countries where re-
search, development and entrepreneurship initiatives are 
a fundamental aspect of their society. 

The proactive demand of innovation, feasible and via-
ble applications of robots for reduction of human 

alienation allows societies to understand and prioritise the 
true meaning of human essence and achieve sustainable 
wealth (Wendling, 2009). In a more profound sense, the 
development of viable business cases to innovate methods 
of transport, data collection, and data analysis would con-
tribute to the progress and establishment of the vision in 
Figure 1 of a society 5.0. Different countries have differ-
ent rates of encountering innovation with robots, but the 
UAS have tended to be modest and expensive in some ex-
tend.  

The challenges of UAS deployment are influenced by 
specific regulations in each country. The responsibility to 
regulate UAS weighing less than 25 kg is from the na-
tional civil aviation authority. In the Dominican Republic, 
the past UAS regulation (Resolution 008-2015) used to 
frame and authorise operations with aircraft weighing less 
than 2 kg based on the level of risk involved. However, 
the regulation required updates related to the training 
methods for pilots and, in addition, to the correspondent 
permissions for operation beyond the digital reconstruc-
tion and inspection as UAS for cargo. For these reasons, 
a new regulation was released covering those topics. Nev-
ertheless, the industry around UAS and its professional-
ism could be evolving to an “adolescence period” in 
which the standardisation of risk mitigation accelerates 
and outpaces the safe adoption process. In the same as-
pect, the technical challenges faced in adopting UAS on 
urban deployments are the visual distance from the pilot 
during operations, interferences, the complexity of the ur-
ban and suburban areas regarding infrastructure, weather 
conditions, battery power, and ground sampling distance 
(Grubesic & Nelson, 2020).  

In the case of the Dominican Republic, currently only 
one city (Santiago) has started developing a plan towards 
the goal of becoming a smart city (INTEC, 2019; CDES, 
2020). In essence, the city aims for an improvement in 
culture, urban planning, and social cohesion. Further-
more, the UAS has been tested for other applications such 
as UAS for desinfection during COVID-19 restrictions, 
UAS for cargo of medical samples and fertilizer distribu-
tion in agriculture. However, these applications are still in 
development for the future due to technology readiness, 
sufficient supporting business cases and effectiveness of 
the methods. Nevertheless, technology and robotics are 
fields yet to be developed and promoted—in order to 
speed up the decision-making process from a technical 
and management perspective. 

Implementing the concept of society 5.0 in the Domin-
ican Republic will require significant changes in technol-
ogies from the aspect of data collection, processing, anal-
ysis, and management based on the amount of real-time 
data on cloud computing as described by (Shibasaki, et 
al., 2020). In addition to the social implications of percep-
tion in case of UAS taxi. Frameworks for adequate transi-
tion between traditional and novel method should need to 
be established previous the adoption.  For example, build-
ing a model quantification of infrastructure assets in a 
community or city, economic assessment of urban areas, 
3D simulation for forecasting urban expansion, mainte-
nance of buildings and infrastructures as well as policies 
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to data interoperability access are cases that contribute to 
the vision. 

However, the actual implementation could present 
barriers of funding, knowledge management, acceptance, 
open and big-data storage, as well as specialized software 
for data analysis. Therefore, the UAS cases help define 
the pipeline of digital data reconstruction for these pur-
poses. 

METHODOLOGY 

The aim of this paper is to illustrate the case of UAS 
application for urban areas in the Dominican Republic, 
intending to use UAS data for urban planning 
development. A qualitative approach was used to recreate 
the case through semi-structured interviews with the (2) 
main institutions involved in the pilot study in the 
Dominican Republic. The data shared was analysed, 
evaluating the documents and vision regarding the 
applications of UAS. Finaly, the details and conclusions 
regarding the experiment were reported.  
 The experiment was carried out in an urban area which 
presented a significant population growth, and providing 
evidence of it was required. The main purpose of the UAS 
implementation was to identify the most populated areas 
and provide a big picture of the population growth as well 
as the house distribution to the council since it could not 
be appreciated via satellite images. In the country, this 
type of task is carried out by physically visiting the places 
with or without 2D maps as well as using census data. The 
major challenge is that it is only possible to understand 
any explanation regarding the urban area on-site. The 
benefit of the UAS in these tasks is the possibility to hold 
2D lines, visually update maps in colours, and accurately 
identify the current community conditions. This approach 
makes safer and more efficient the exhausting tasks of 
ground-workers. 

The approach to analyse the potential of UAS 
implementattion was assessed based on the 
responsabilities of the council such as traffic 
management, public spaces, disaster risk reduction, land 
use, infrastructure facilities, rural markets, and heritage 
conservation. Therefore, the database generated for the 
municipality was developed utilising UAS reconstruction 
followed by CAD platform modeling to visually describe 
the population growth of the community area. Nvivo 2020 
software was used to identify  the segment of the 
experiences shared. Quad-copters weighing less than 2kg 
were utilised in order to assure safety on the deployment. 
DJI Phantom 4 and Mavic Pro were used in the early mid-
2018.  

RESULTS 

In the Dominican Republic, the UAS regulation was 
flexible for government operations. However, regulation 
parameters such as clear 20 m x 30 m deployment area, 
do not exceed 80% of battery charge, maintaining a visual 
line of sight and checks of the air traffic were considered 
in the operations in class G. In technical aspects, the UAS 
only covers a certain amount of land for ground sampling 
distance.  

The application of UAS for urban planning is still 
unknown for councils. A short introduction regarding 
UAS was required to define the expectations of the 
outcomes and sharing a different point of view concerning 
their requirement. Challenges during the deployment 
were concerned with peak hours of transit and school 
times. The first deployment was made in open spaces of 
the city centre.  

The software used for processing the imaging data was 
Recap Autodesk which converts them into an 
orthomosaic. The UAS altitudes and the RGB sensor 
settings of the UAS were different which provoked higher 
contrast in one area of the orthomosaic as presented in 
Figure 4. Moreover, environmental assets of the 
community were identified such as a river, new roads and 
farmhouses from Figure 5 and 6. 

Figures 4 and 5 show the decoding of urban grids, the 
socioeconomical status of the zone, road conditions and 
emerging ones. Figure 5 shows with rectangles on green  

( ) the houses with zinc roof and ( ) on purple the 
concrete structural elements on the roof. The surveyed 
area covers a municipality with approximately 586,000 
m2 containing 529 zinc roofs and 256 concrete ones in 
2018. The process of counting roofs was divided into 9 
blocks according to the organic and suburban grids 
developed organically. From Figure 5, blocks 4 and 8 
were evaluated to understand the possible decisions 
derived from the UAS data. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 6, a visual assessment of the urban changes is 
presented. The experiment was conducted in 2018, but the 
authors complement the information of the comparison 
with 2020 satellite images. Figure 6 shows the period of 
2017-2020 and the UAS images compared. Figures within 
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Figure 4. Visual Evaluation of Urban Growth 

Figure 5. Analysis of Urban Area 
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6abc present the changes and issues of maps available on 
a high resolution with satellites against UAS. The Figures 
6a and 6b show the housing developments and changes in 
the zone in constrast to Figure 6c that does not provide 
visual data of the current state. In Figure 6def the 
construction of new houses and land-use changes from 
agricultural purpose to construction can be appreciated.  

 

 

Furthermore, the challenges presented at the council 
during the process were related to the sustainability of 
UAS internally. The council was lacking in knowledge on 
UAS applications and its versatility in data collection and 
the implications of data processing. However, there was 
no resistance to change as long as the business case was 
feasible in the long term and funds were available for the 
adoption process. However, the regulations of this type of 
operation could be limited by the lack of specialised 
human resources and the required yearly update 
frequency. Furthermore, the usage of the data allowed the 
council to provide accurate information of the current 
location of the communities and assess COVID-19 
measurements. 

DISCUSSION 

According to (Siebert & Teizer, 2014) UAS could cover 
areas between 100 – 100,000 m2. But, in this case, 2 UAS 
were used to cover a bigger range of area; however, given 
the accuracy of less than ±10cm the deployment was tol-
erable for the main purpose. Geospatial data was collected 
in order to identify the socio-economic status of the area. 
The population living under zinc roofs was approximately 
double of the concrete ones, allowing to understand the 
possibility to take actions on social projects or aids for en-
hancing quality of life in the community. In addition, the 
identification of a small river in block 1 shows the com-
munity may face risk during rainfall periods, as men-
tioned in the literature (Noor, et al., 2018). The overall 
visual urban analysis of the grids was useful to confirm 
the empirical data held by the council, but thanks to the 
implementation of UAS it became physically and cyber-
netically sharable with other stakeholders and institutions 
as the 911 —National System of Attention to Emergen-
cies and Security— in a 2D printed format. The initiative 
for taxing illegal construction and inappropriate land use 
emerged during the discussions. The information pre-
sented may allow road restoration and quantification of 
construction work in the community and produce faster, 
cheaper workflows by reducing bureaucratic processes 
during the supervision and confirmation of land space.  

In other aspects, the information gathered allowed other 
institutions and stakeholders to understand the 
opportunity to apply UAS for the office of statistics. 
However, the lack of knowledge in technical aspects 
confirmed that the alliance of public and private 
partnership in terms of technology adoption should be 
included for the initial stages until the technology could 
be integrated into the organisation. In addition, this 
approach promotes the adoption of emerging technologies 
for small and medium organisations. 

Furthermore, the map generated was used as a visual 
aid for the identification of community needs. The data of 
the community was more manageable in print-based 
rather than electronic format. It means that the printed 
version was effortlessly shared at meetings and avoided 
issues of specific computational requirements. The high-
resolution images were capable of presenting the 
community status in council meetings for internal 
requests and evaluating the decision to upgrade the 
municipality circumscription.  In terms of implementing 
the society 5.0 concept, other UAS applications shall be 
tested, such as urban traffic and monitor the mobility of 
the citizens in inaccessible areas and the pandemic 
context. The use of other technologies are encouraged to 
carried out and assess the site conditions. Apps and other 
data should be integrated for the visual assessment of the 
UAS application and generate the useful information  for 
the councils such as Geographic Information Systems 
(GIS) and layers of land use. These UAS applications may 
seem as indicators of society 5.0 implementation as 
mentioned in the introduction section by (Deguchi, 2020). 
Another possible usage of the digital data of the 
communities could be for promoting solar energy 
programs by identifying the applicable roof area for these 
purpose (Grubesic & Nelson, 2020). And, as a 
consequence, it will regulate the vertical growth of the 
community. 

Therefore, the data collection can provide the baseline 
for future technology adoption as big data management 
and Artificial intelligence for point cloud classification 
and simulations. The integration of those technologies 
will directly influence the 3D reconstruction of buildings 
with the Building Information (BIM) methodology and 
their attributes. On a long term basis, the adoption of the 
emerging technologies will contribute to heritage 
conservation and restoration in case of fire as well as 
hyper automation in forecasting the community growth 
behaviours.  

CONCLUSIONS 

In conclusion, this paper presented an example of how the 
UAS can be used to identify house growth for councils in 
the Dominican Republic. The model presented showed 
that UAS has the potential to provide visual information 
regarding the current state of the community and UAS 
applications from the council perspective. The model 
could be replicable in other countries with similar 
settings.  
      The integration process requires technical and social 

a b c 

f e d 

Figure 6. Visual Evaluation of Urban Growth 
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awareness regarding the UAS applications and the 
benefits to stakeholders. Incentives on adopting emerging 
technologies should be desirable to encourage business 
innovation in the country and raise the standards of 
automation and digital transformation. Therefore, the 
positive implementation of aerial robots contributes to 
reducing alienation in specific work tasks by improving 
productivity, reducing human exposure to risky 
environments, and identifying community needs for 
contributing to the well-being and sustainable happiness 
of the society. Further work on framework to develop an 
adoption process of UAS should be designed  with the 
new normal and visions established. 
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ABSTRACT 

We test the accuracy and density of mobile lidar-based 
scanners and compare them with the performance of a 
static scanner. This is achieved by systematically 
scanning a rectangular target at a growing distance, 
collating the statistics of the scans and comparing them. 
This study shows that the accuracy of the scans outputted 
by the static scanner is about 20 times better at 5 meters 
than those produced by the mobile devices and this gap 
further increases along with the distance. The density, 
measured in points per second, drops along with the 
distance for all the tested devices, with mobile scanners 
outperforming their static counterparts. 

INTRODUCTION 

The construction industry is among the least digitised 
compared to all other industries worldwide. It is estimated 
that improving digitisation in this area could significantly 
boost productivity, potentially creating $1.6 trillion of 
added-value, which is equal to half of the world’s 

infrastructure needs (McKinsey Global Institute, 2017). 
 One of the key components of digitisation is the ability 
to create accurate 3D scans of an environment using 
cameras or a lidar (Light Detection and Ranging) (Cadena 
et al., 2016). The ability to efficiently capture the 
geometry of built and under-construction assets is a 
fundamental step towards enabling the digitisation of the 
built environment. 
Static laser scanners (e.g. FARO Focus 3D) and 
photogrammetric software (e.g. Bentley Context Capture) 
are well known in the construction industry. The last 
decade has brought a proliferation of mobile scanning 
solutions that can collect data quicker, thus leading to 
lower operational costs. They are relatively newer and the 
knowledge of their true performance is very limited. 
Lidar-based hand-held scanners seem the dominating 
solutions for outdoor mobile mapping (Lee et al., 2019) 
thanks to their reliability and scanning range – 
significantly higher than the range of stereoscopic depth 
cameras such as Intel RealSense (Keselman et al., 2017) 
or structured-light cameras such as Google Tango 
(Marder-Eppstein, 2016). Yet the available scanning 
solutions are rarely tested against a common benchmark 
to allow for comparisons. 

In this paper, we measure the performance of 2 
commercially available lidar-based mobile scanners and 
compare it to that of a static scanner. We do that by 
systematically scanning a rectangular target of known 
dimensions (Figure 1) at distances ranging from 5 to 40 
meters with a 5-meter interval and collating the statistics 
of the obtained pointclouds. In particular, we focus on the 
accuracy/noise and the density as the former is crucial in 
the case of accurate engineering surveying (RICS, 2014) 
while the latter makes the scanned objects more 
informative to the user. We also compare the obtained 
results against the requirements of certain use cases in the 
Architecture, Engineering and Construction (AEC) 
industries, including engineering surveying – a use case 
chosen for this paper as one of the most frequent ones in 
the AEC industry (RICS, 2020). It should be noted, 
however, that the mobile scanners are not marketed to 
meet the RICS specification for engineering surveying, 
and we compare the performance of these devices against 
this use case solely to add a tangible reference point for 
professionals using such devices. We hope this paper will 
increase the awareness of how static and mobile scanning 
devices perform, and open up the door for further research 
and improvements in this area, especially in mobile 
mapping. 

The next chapter describes in detail how to determine 
the accuracy of a pointcloud of a target , followed by the 
detailed description of our data collection process. We 
then present the qualitative and quantitative results of the 
accuracy and density analyses which are concluded with 
a discussion and implications to the industry.  

COMPARISON OF ACCURACY AND DENSITY OF STATIC AND MOBILE 

LASER SCANNERS 
 

Maciej Trzeciak, Ioannis Brilakis 
Department of Engineering, University of Cambridge, United Kingdom 

 
 

 

Figure 1: Scanning a target using static (on the left) and mo-

bile (in the middle) laser scanners. 
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METHODS 

Determination of pointcloud noise 

The UK’s Royal Institution of Chartered Surveyors 

defines the accuracy as 2 standard deviations from the true 
value (equation 1) in the context of building and land 
surveying (RICS, 2014). A set D = {di} denotes the 
distances of points from the ground truth. Such a 
definition can be seen as a noise measure. Therefore, the 
notions of accuracy and noise will be interchangeably 
used in this paper. Equation 1 corresponds to the 
probability that 95% of the points lie within the accuracy 
if set D follows a Gaussian distribution. Formula 1 is also 
in line with (Bergelt et al., 2017) although the authors 
equate noise to 1 standard deviation.  accuracy = 2  = 2√𝔼𝔼[𝐷𝐷2] − (𝔼𝔼[𝐷𝐷])2 (1) 

In this paper, we further split the noise into 2 components: 
the noise perpendicular to the fit plane (the depth/range 
noise) and the remaining part – the “vertical noise”. Since 

the latter can be associated with the accuracy of the area 
of our rectangular target, we replace it with simply 
measuring the area of a rectangle that covers the 
pointcloud of the target. Another reason for this 
simplification is that the open-source software Cloud 
Compare cannot compute the noise defined as in equation 
1 for a rectangular shape of known dimensions. We have 
decided to use Cloud Compare as it is very well known to 
the industry and its use makes the process described in 
this paper relatively smooth and easily reproducible. 
 The depth/range noise involves measuring distances 
from the true value of a planar target in our experiment. 
Accordingly, there must be a mean to fit a plane to the 
obtained pointcloud as shown in Figure 2. Such a fit plane 
will serve as the ground truth in our experiment and the 
distances {di} can be computed as in formula 2. 𝑑𝑑𝑖𝑖 = |𝐴𝐴(𝑥𝑥𝑖𝑖 − 𝑥𝑥0) + 𝐵𝐵(𝑦𝑦𝑖𝑖 − 𝑦𝑦0) + 𝐶𝐶(𝑧𝑧𝑖𝑖 − 𝑧𝑧0)|√𝐴𝐴2 + 𝐵𝐵2 + 𝐶𝐶2  

(2) 

Fitting a plane to a pointcloud defined this way is then a 
multivariate optimisation problem for which we will be 
using a feature in Cloud Compare which finds such a 
Euclidean transformation H of the plane that minimises 
the Root Mean Square (RMS) error of the distances D 
according to formula 3. The plane consists of a normal 
vector (A, B, C)T and a point belonging to the plane (x0, 
y0, z0)T. H* = 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻 𝑅𝑅𝑅𝑅𝑅𝑅(𝐷𝐷) (3) 

 

a) b) 
Figure 2: Fitting a plane to an isolated pointcloud of a planar 

target: the general view (a) and the side view (b).DATA 

COLLECTION 

Scanners 

In our experiment we use 1 static and 2 mobile laser 
scanners: (1) FARO Focus 3D; (2) GeoSLAM ZEB 
Horizon; (3) KAARTA Stencil 2 respectively. They are 
presented in Figure 3. 
 Both mobile scanners are equipped with a lidar sensor 
shooting 300,000 points per second of accuracy (1 sigma) 
±30 mm and can produce scans at a 100-meter range 
according to their specifications (GeoSLAM, n.d.; Smith, 
n.d.). Their weight does not exceed 2.8 kg and they both 
have 360° horizontal Field of View (FoV). Vertical FoV 
is 270 degrees for the GeoSLAM’s product and 30° for 
the KAARTA’s. This difference is caused by the fact that 

the former has a mechanical system rotating the lidar, 
hence increasing its FoV. Another apparent difference is 
that the KAARTA’s scanner does have an inherent 
grayscale camera in its basic version whereas the other 
scanner can be equipped with an RGB camera after an 
upgrade. The difference stems from the fact that the 
system of Stencil 2 uses the camera to improve the 
estimation of its trajectory (Shan and Englot, 2018) while 
ZEB Horizon uses imagery to colourise pointcloud. 
 On the other hand, FARO Focus 3D X 330 is equipped 
with a laser scanner of range 330 meters with an accuracy 
of 2 standard deviations at 25 meters equal to 1 mm in 
case of 10% reflective surface (FARO, 2016). Its vertical 
and horizontal FoVs are 300° and 360° respectively, with 
the step size of 0.009° in both directions. We set ‘point 
distance’ to be 6.136 mm/10m and ‘scan size’ to 
10240x4267 points which corresponds to predefined 
indoor scanning settings for distances above 10 meters. 
The predicted scanning duration is around 8 minutes for 
such a setup. The resolution and quality could be further 
improved at the cost of increased time. 
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a) b) c) 

Figure 3: We use a static laser scanner FARO Focus 3D (a) 

and two mobile laser scanners – GeoSLAM ZEB Horizon (b) 

and KAARTA Stencil 2 (c). 

Scanning a target 

The same wooden rectangular target of size A1 sheet of 
paper (0.841m x 0.594m = 0.500m2) is scanned indoors at 
distances ranging from 5 to 40 meters with a 5-meter 
interval as shown in the first row in Figure 4. As indicated 
in (Huang and Grizzle, 2020), placing the target so that its  
top and bottom edges run parallel to the lidar’s rings lead 

to ambiguity in the vertical position of the target caused 
by the increasing spacing of the rings along with the 
distance. Therefore, the target is slightly rotated.   
 The scans of the target are systematically taken using 
the 3 scanners one after another for the same distance. The 
target is then moved by 5 meters forward and the 3 
subsequent scans are taken again. We repeat this process 
until the last target is captured at a distance of 40 meters. 
 We stand still in the same place indoors during 
scanning the target using mobile devices and move them 
using a hand to simulate the real data collection process. 
We move the mobile devices around the lemniscate (a 
shape resembling the infinity symbol) in the planes both 
parallel to the target as well as perpendicular to it for 
around 10 seconds for each scan. Also, the performance 
of scanning devices depends on the environment (Shan 
and Englot, 2018; Zhang and Singh, 2014). Therefore, 
scanning from the same spot indoors unifies the 
environmental conditions and scene attributes so that their 
impact is the same for all the tested devices. 
 It is also worth noting that the KAARTA scanner 
needs to be constantly in the move to cover the whole 
target reasonably densely. This is especially true when the 
distance to the target increases and fewer and fewer lidar’s 

beams cover the target. 

Processing 

After scanning, the collected data is transferred to a PC 
using an SD-card and a USB-stick for the static and 
mobile scanners accordingly. Each of the devices has its 
proprietary system in which the raw data is processed. We 
use the FARO SCENE 7.1 for the FARO scanner and the 
GeoSLAM Hub v5 for the ZEB Horizon. The Stencil 2 
has its program installed on Ubuntu Linux directly on the 
device and the user can operate it via a tablet. While the 
first two software products needed around 30-60 seconds 
to process each of the scans, the KAARTA’s software 

outputted a pointcloud right after scanning. 
 The processing is done with mostly default software 
configuration, turning off any additional sharpening and 
filtering where possible. The format for the outputted 

scans is .e57 in the case of FARO and .ply for the 
remaining two devices. 

Post-processing 

Finally, all the obtained scans are edited in Cloud 
Compare so that only the points belonging to the target 
are left. The isolated targets in the form of pointclouds can 
be seen in the last 3 rows in Figure 4. The number of 
points belonging to the target is divided by the time the 
scanning process takes. The output is then the number of 
points per second. We next fit a plane to each pointcloud 
of the target coming from each scanner and each distance 
separately and measure the smallest rectangle that covers 
the whole scan. Moreover, the depth noise is read off as 
an RMS parameter after fitting the plane. The reader 
might notice that RMS and standard deviation from 
formula 1 are the same, assuming that the mean is equal 
to 0 and both formulas divide the sum of squares by the 
number of addition components. Hence, no need for 
further computation of depth noise. 

RESULTS 

Qualitative results in the form of isolated pointclouds of 
the target at different distances from the 3 scanners are 
presented in Figure 4. The first row contains the photos of 
the targets at different distances. Isolated scans of the 
target coming from the FARO scanner are in the second 
row, followed by the scans from the KAARTA device in 
the third row and from the GeoSLAM scanner in the last 
row. There are also rectangles surrounding the 
pointclouds in the last two rows to better visualise the 
increasing vertical noise of the scans produced by the 
mobile devices. The scale across all the presented scans is 
preserved so the reader can have an even better notion of 
the problem. 
 The quantitative results corresponding to the 
qualitative results from Figure 4 can be seen in Figures 5, 
6 and 7.  Figure 5 presents the number of points belonging 
to the target divided by the time the scanning took. It was 
about 8 minutes in the case of the static scanner and 
around 10 seconds for both mobile devices. 
 Figure 6 and 7 correspond to the noise levels – the 
former presents the depth/range noise after fitting a plane 
to the scans of the target while the latter represents the 
area of the minimal rectangle covering the pointclouds 
which, in turn, refers to the rectangles surrounding the 
pointclouds of the target in the last 2 rows of Figure 4.
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Figure 4: A rectangular target scanned by 3 different scanners at distances 5-40 meters: 1st row – view of the target from a camera, 2nd row - tar

– target by the KAARTA Stencil 2, 4th row – target by GeoSLAM ZEB Horizon. 
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w - target by the FARO static laser scanner, 3rd row 
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Figure 6: depth accuracy 
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Figure 8: Depth accuracy of the scans of the target. 
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DISCUSSION 

There is a very apparent difference in density per second  
between the static and mobile scanners (Figure 5). The 
latter outperforms the former in the number of points 
produced on the target per second. This, however, dilutes 
along with the distance. The figure shows that initially a 
significant gap of around 1800 points per seconds at 5 
meters, decreases exponentially to around 50-60 points at 
20-25 meters, ending up at roughly 20 points per second at 
the distance of 40 meters. The relatively low density of the 
static scanner can be contributed to the fact that the head 
of the device rotates at 360° and maps everything around 
whereas we only take the number of points belonging to 
the target standing in front and divide that number by the 
time the full scan takes (which is about 8 minutes along 
with colouring the pointcloud). It is also worth noting that 
it takes a fixed amount of time for the static scanner to 
finish scanning for a given set of parameters while the 
number of points collected using the mobile scanners 
increases with time. 
 The depth/range noise of the scans measures the noise 
only along an axis perpendicular to the target. It remains 
steady for the static scanner at the level of around 1 mm 
while for mobile scanners it is 20-30 times higher at 5 
meters and it gradually increases to reach about 40-50 
times that value at 40 meters. It is also worth noting that 
this quantity alone (without the other part of the noise 
measured along the remaining two axes) meets the 
requirements of use cases such as (but not limited to) 
measured building surveys, topographic surveys and low 
accuracy setting out since it is lower than ±50mm at 5 – 35 
meters for all the tested devices. However, the value in 
question is higher than ±20 mm at all the distances for both 
of the mobile scanners which is too high for meeting the 
specifications of engineering surveying as described in 
(RICS, 2014). 
 The remaining part of the noise – the vertical noise – is 
proposed to be measured in the plane of the target as the 
rectangle surrounding the pointcloud of the target (Figure 
7). The rectangles around the scans by the static scanner 
are the closest to the correct dimensions of the target, 
followed by Stencil 2 and then ZEB Horizon. The areas of 
rectangles by KAARTA and GeoSLAM differ from those 
by FARO by 20% and 32% at 5 meters respectively and 
this deviation increases almost linearly across the whole 
range to 102% and 640% at 40 meters accordingly. 
 The gradual reduction of density and accuracy along 
with the distance to the target is a major impediment in the 
ability of detection tools to find edges and corners in scans. 
Our experiment shows that edges and corners become less 
and less recognisable as the distance increases. This might 
force the user working on such scans to guess their exact 
position, and consequently, decreases the correctness of 
engineering measurements on such scans. 
 There are also other points of interest – for example, 
whether or not the produced pointclouds contain colour 
information which could help the user to identify and 

recognise scanned objects easier (Cipolla, 2018). In our 
experiment, only the FARO scanner could output a 
pointcloud with RGB data, however, the respective 
upgrades for the mobile scanners are available. 
 Finally, the type of environment has an influence on 
mobile scanning. We tested all the devices under the same 
environmental conditions and scene attributes indoors to 
minimise this impact. Therefore, we isolated for whatever 
influence they might have on the results. However, real 
scenes in practice often contain moving objects such as 
vehicles and/or people. They are likely to increase the 
noise of the produced scans and partially distort them. Our 
experiment was carried out in a purely static environment. 

CONCLUSIONS 

In this paper, we present a simple though effective process 
of measuring the accuracy and density at a growing 
distance for static and mobile scanners. A rectangular 
target of known dimensions was systematically scanned 
by all the mapping devices at varying distances and its 
pointclouds were processed to collate their statistics. Our 
experiment showed that the density of the scanned targets 
measured in points per second decreases exponentially 
along with the growing distance to the target and that the 
mobile scanners outperform the static mapping devices in 
this regard. The trend is the opposite when it comes to 
accuracy. The static scanner produces scans that are at 
least 20 times less noisy than those by mobile devices. 
While the accuracy specifications for such use cases as 
measured building surveys, topographic surveys and low 
accuracy setting out are met by all the devices almost at 
the whole range up to 40 meters, the more demanding use 
cases such as engineering surveying could only be 
satisfied by the static scanner. We also conclude that the 
combined fact that the density and accuracy decrease 
along with the distance to the target, heightens the 
problems in finding edges and corners in scans forcing the 
user to guess their exact position. Also, the reader should 
look rather at trends in the outcomes presented in this 
paper and not exact values as the latter can change 
depending on the environment in which the scans are 
taken. Finally, this paper investigates measuring accuracy 
using a target of known dimensions at a growing distance 
which is one of many approaches to the accuracy measure. 
Our way, although relatively simple, seems to be quite 
challenging, particularly for mobile mapping devices.  
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ABSTRACT 

Digital Twin in construction and the built environment           
have started to attract the attention of researchers and 
practitioners in recent times. Its anticipated value 
proposition is focussed on its capability of generating new 
understanding and insights into an asset at all stages of its 
lifecycle, exploiting diverse data sets from a multitude of 
sources and professions, in real or near real-time. 
However, there is still a significant debate about the 
delineation (i.e. communalities and differences)        
between digital twin and other related concepts,                 
particularly Building Information Modelling (BIM) and 
Cyber-Physical Systems (CPS). To date, this debate has 
been confined to social media discussions, insights blogs 
and position papers. This paper addresses this challenge 
using a systematic review. The aim is to investigate           
communalities and differences between the three            
concepts, Digital Twin, BIM and CPS. The results of this 
paper are expected to foster the discussion around this 
theme within construction and the built environment. 

INTRODUCTION 

To date the digital twin concept predominantly has been 
applied within the manufacturing and production industry. 
However, the potential areas of application of digital twin 
are wide ranging from physical assets, which span from 
components of machineries to large scale infrastructure 
assets (e.g. roads and railways), to social and economic        
behaviours (Wang et al., 2016), medicine and 
pharmaceuticals (Geris et al., 2018; Torkamani et al., 
2017), or a composite of these such as in a construction 
project comprised of both physical assets and social 
systems elements (Sacks et al., 2020).  
Recently, the discussion of the digital twin concept in 
construction and built environment started to generate 
intense discussions in social media around its delineation, 
definition and interactions with other established concept 
such as BIM and CPS. While a thematic coding of views 
on    social media is outside the scope of this paper, a 
tentative gradation of opinions from discussions on social 
media categorises views into three clusters: (1) the 
‘unconvinced’, those who are dismissing the digital twin 

concept and depicting it as either a rebranding of BIM or 
a marketing invention; (2) the ‘undecided’: those who are 
calling for an investigation of the digital twin capabilities 
and uses within the built environment, and how these 

differ from those enabled by BIM and CPS, before 
legitimising the concept; and (3) the ‘committed’: those 
who have firmly accepted the digital twin concept based 
on various propositions with the main one being the 
sensorial connections between the physical assets and their 
digital replicas. Motivated by this debate and the lack of 
sufficient research-based insights about the digital twin 
concept and its communalities and differences with 
potentially overlapping or complementary concepts such 
as BIM and CPS, we proposed to investigate this gap in 
knowledge. This   understanding of potential relationships 
between digital twin, BIM and CPM concepts and 
technologies is important to the field researchers who are 
looking to address built environment challenges through 
the application of digital twin. While the paper discusses 
the relationship between the digital twin and both BIM and 
CPS, it outlines the prevalent arguments and assumptions 
made in the relevant peer reviewed studies. 

SYTEMATIC REVIEW 

This research was informed by the literature selected 
through the search process depicted in Figure 1 using 
search terms such as: "Digital Twin" AND (infrastructure 

OR "asset management" OR "facilities management" OR 

"built environment" OR construction OR building OR 

handover OR maintain OR maintenance OR "building 

lifecycle" OR "asset lifecycle" OR "project lifecycle" OR 

architecture OR engineering OR "smart cities" OR "urban 

planning" OR asset OR design OR operation). 

The databases searched included the Web of Science, 
Scopus and Science Direct.  The following exclusion 
criteria for the literature search were applied at the screen 
and eligibility stages.  
Screening 

• Repeated Article  

• Not written in English 

• Predates the conception of digital twin; (Glaessgen 
and Stargel, 2012) - this is widely considered to be the 
first application of digital twin. 

Eligibility 

• They offer no definition of digital twin.  

• Did not include at least one of the following: 
applications, elements, supporting technologies or 
adoption.  
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•
•
•

•
•

 

• Digital twin is only discussed in the conclusion as a 
further step, or as a potential application/addition to 
the paper topic. 

• References to digital that were considered to be 
speculative and not grounded. 

  
Figure 1 The literature search process 

DIGITAL TWIN AND BIM    

An issue that has become apparent is the confusion about 
the relationship between digital twin and BIM. There are 
three key understandings. The first portrays Digital Twin 
as a continuation of BIM that would incorporate new 
technological developments. The second argues the two 
concepts differ significantly in their characteristics and 
capabilities and they should be considered as distinct 
concepts. In between these two stances, the third 
understanding consider the technologies as 
complementary and can co-exist in their applications and 
uses over the lifecycle of an asset. Using a subset of the 
studies identified in our review, we critically discuss each 
of these understandings:  

Digital Twin as a continuation of BIM 

Digital Twin is seen as a continuation of BIM in (Boje et 

al., 2020), where BIM is considered as the potential 
starting platform to initiate an evolutionary three-tier 
approach to the development of digital twin in the built 
environment. The three levels, depicted in Figure 2 
include:  
Generation #1 - monitoring platforms  

Monitoring platforms enable the sensing of an asset 
utilising reporting and limited analysis capabilities. 
Legacy digital models are used in combination with 
sensors is the first step towards real-time integration of site 
sensing and digital models.  
Generation #2 - intelligent semantic platforms 

Creation of enhanced monitoring platform can be enabled 
using a common web language framework to integrate 
digital twin with all its IoT devices. The digital twin has 
limited intelligence relying on embedded knowledge rules 
and separate AI-enabled simulations and predictions. This 

generation entails significant human interactions to enact 
optimisation and operation of the digital twin.  
Generation #3 - agent-driven socio-technical 

platforms. 

A fully semantic digital twin that is capable of leveraging 
acquired knowledge with the use of AI-enabled agents.      
A variety of digital technologies and techniques such as 
machine learning, deep learning, data mining and data 
analysis are employed to create a digital twin that is self-
reliant, self-updatable and self-learning. Operation            
becomes fully autonomous requiring only human 
supervision.  
Current implementation of BIM is conceived by the 
authors in this model to be at the point of initiation of 
Generation #1. Boje et al., (2020) support this assumption 
by arguing that BIM in its current state cannot deliver the      
information requirements throughout an asset lifecycle 
and that even with extensions to its current capabilities it 
is unlikely to be able to perform more complex 
computations such as prediction and optimisation.  
In the same vein, Akbarieh et al., (2020) state that BIM 
provides a static representation of the material of an asset, 
whereas a Digital Twin represents information that is an 
accumulated over the course of an assets lifecycle 
including information about condition and maintenance. 
They also argue BIM can be used to create Digital Twin 
alongside additional tools.    
However, these two stances about the difference between 
BIM and Digital Twin are questionable as the 
understanding depends on the assumed definition for BIM. 
For example, it could be argued that Digital Twin 
Generation #1 (monitoring platforms) can be considered 
either as a capability that can be fulfilled by BIM if BIM 
is referred to as both a technology and an information 
management methodology, or as a complementary 
capability of BIM if BIM is conceived as requiring 3D 
model whereas monitoring and analysis of physical assets 
through sensing does not necessarily require a 3D model. 
In either cases, these two stances claiming that digital twin 
is a continuation of BIM can be challenged.  
In this category of thought that consider BIM as a starting 
platform for digital twin Lu, Xie, et al., (2020) take the 
view that building information models of assets, utilising 
the Industry Foundation Classes IFC) schema, could be the 
basis for an operation and maintenance digital twin, that is 
capable of integrating numerous disparate data sources. 
However, for this to be realised, the authors argue that an 
operation and maintenance extension to the current IFC 
would be required. In addition to the use of IFC (Lu, Xie, 
et al., (2020) also suggest that Construction Operations 
Building Information Exchange (COBie) could aid in the 
formatting of data to be integrated into the digital twin, 
given its wide adoption and ability to adapt to suit 
applications. However, there are limitations to this 
approach due to the challenges of monitoring every single 
asset within a system. Hence, its application would be 
limited to critical assets where relevant data is likely to be 
available. Nevertheless, these views of BIM and digital 
twin seems to limit BIM to its IFC schema or COBie that 
would serve as repository to host the sensors’ data of a 

Page 205 of 438



digital twin which is also can be considered as reductive 
of the BIM concept. For example, numerous BIM uses or 
model uses have integrated sensors data into a BIM model 
(as in Bamakan et al., 2020; Quinn et al., 2020; Riaz et al., 
2014) which clearly challenge this stance about digital 
twin being seen as a continuation of BIM.   

BIM & Digital Twin as two distinct concepts  

Another understanding, represented by a growing amount 
of studies, argues that there are several succinct 
differences between digital twin and BIM that are deemed 
to be significant to classify them as two separate concepts. 
Sacks et al (2020) suggests that a BIM model that is 
created during the design and construction of an asset may 
provide an accurate as built model; however, it still            
deficient be considered a digital twin which is conceived 

as a representation of an asset that is continually 
updatingwith the state of the asset. Sacks et al (2020) 
further elaborate that even BIM models that are used in the 
operation and maintenance of an asset are updated 
reactively and are not intended to create the short term 
feedback loop available in digital twin. This stance is 
basically raising the promptness of feedback about the 
state of an asset as a key determinant to distinguish a BIM 
from a digital twin. In the same vein, Lee et al. (2012) 
define Digital Twin as virtual replica of physical assets, 
process, system or service which represents the properties 
(e.g., the geometry of assets), the condition (e.g., resource 
status), and the project’s performance. However, the 

authors define BIM – citing US National BIM Standard – 
as a digital representation of what will be built, and argues 

Table 1  A detailed comparison of BIM and digital twin of building (Khajavi et al, (2019) 

Figure 2 The three-tier generation evolution of the construction digital twin (Boje et al., 2020) 
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citing Tchana et al. (2019) that the core technology of the 
Digital Twin is data synchronization between the physical 
asset and its virtual representation. Hence, this 
understanding is limiting BIM to a virtual replica of the 
built asset while there are many studies that already 
investigate and demonstrate the ability of building 
information models to integrate real-time data from sensor 
networks. (Alves et al., 2017; Chen et al., 2014; Riaz et 

al., 2017).  
Theiler et al (2020) suggests that while the concept of 
Digital Twin is highly associated with the BIM approach 
in the way they share a number of similarities surrounding 
the metaization of asset information, Digital Twin not only 
covers metamodeling of an asset but also the integration of 
simulation capabilities, which would then require the 
prototyping of asset systems in a simulation software. 
Khajavi et al, (2019) explores the differences between 
digital twin and BIM further, comparing them in attributes 
such as: focus of applications, the users, the supporting 
technologies, and the most common stage of life cycle          
(Table 1). As to the focus of application the authors argue 
that BIM application are mainly confined in the design and 
construction phases of an asset’s life cycle to facilitate 

communication between stakeholders, reduce design 
error, and monitor time and cost of construction. Whereas, 
a digital twin can be applied to conduct what-if analysis, 
to enhance occupant comfort and to transfer lessons 
learned from one asset into the future design of another, 
referred to as closed-loop design. It can also be seen in 
Table 1, that facility managers have been said to use both 
BIM and digital twin in the in-use phase of an asset’s life 

cycle, however, the processes that they inform are quite 
different. Where BIM is used to better inform 
maintenance; digital twin is used to enhance an assets 
operation. Also this distinction between BIM and digital 
twin is not defensible as there is a growing study domain, 
often referred to as ‘BIM for facilities management’, 

where BIM is used for both asset maintenance and 
operation.  

BIM & Digital Twin as complementary concepts 

This third understanding argue that BIM and digital twin 
are complementary concepts and can be used in tandem at 
any stage of an asset lifecycle. Pan and Zhang (2021) 
draws attention to the inclusion of BIM, Internet of Things 
(IoT) and data mining techniques into the digital twin as a 
means of delivering smarter construction services. In the 
example given by Pan and Zhang (2021), multiple building 
information models of an asset at different stages of its 
lifecycle (i.e. as design and as built) are utilised to enrich 
the digital twin. Hou et al (2021) takes the stance that 
during the pre-construction phase of an asset, where it is 
not possible to have a Digital Twin -due to the lack a 
physical counterpart- that a BIM model created at this 
point along with other information and communication 
technology used can become the information basis for a 
Digital Twin. Going further to say that during the 
construction phase that a 4D BIM model coupled with real 
time sensor data of site activity can be generated to 
simulate the construction environment. Errandonea et al 
(2020) takes the view that BIM coupled with the finite 

element method could be utilised in a Digital Twin as a 
means of bridging the gaps in available data. Another 
example by Abdelmegid et al (2020) suggested to 
investigate the integration of BIM and digital twin for 
simulation modelling and lean-based planning and control 
applications given the overlaps between phases of 
implementation and ease of integration with management 
practices as planning and control. Similarly Shirowzhan et 

al (2020) highlights the challenges faced by Digital Twin 
development stressing the importance of integration and 
interoperability of BIM along with other prominent 
technologies and processes such as Geographic 
Information System (GIS), Virtual/Augmented Reality 
(AR/VR) and the Internet of Things (IoT) as this will 
better enable the modelling of interacting subsystems.  

DIGITAL TWIN AND CYBER PHYSICAL 

SYSTEMS: BLURRING DELINEATION 

Another area of ambiguity that is causing debate is the 
potential confusion between the concepts of digital twin 
and cyber-physical systems, their relationship, 
terminology and origins. In many instances the terms were 
used near interchangeably to relate to the same concept, 
while in other instances they have been stated to be two 
related yet entirely separate concepts.  
Numerous descriptions that define the relationship 
between digital twin as a component or result of the CPS 
process. With Hoffmann Souza et al (2020) offering that 
digital twin as a technology provided by the creation of a 
CPS, that can then become a means of simulating and 
monitoring an asset. Sun et al (2020) goes further to begin 
to understand the relationship between them stating that 
CPS is the core of digitisation, with several different 
technologies including IoT, AI, Big Data analytics and 
cloud computing all contributing to its creation. It is 
through this process of combining these technologies and 
the collecting of big data that a digital twin is said to be 
created. Wu et al (2020) directly attributes the confusion 
of definitions and relationships between CPS in 
manufacturing and Digital Twin to the lack of an agreed 
upon definition of CPS, which in turn is said to be due to 
the relative new-ness of the term.  
Leng et al (2020) seeks to understand and define the 
relationship between CPS, digital twin and IoT. They 
argue that CPS encompasses both the digital twin as the 
digital replica of an asset and the IoT as the many sensors 
and controls deployed in an asset that provides the bridge 
between the digital and physical entities. To the same ends, 
Y. Lu et al (2020) provides Figure 3 which maps out the 
interrelationship between digital twin, CPS, and IoT: IoT 
is the architecture of sensors that harvest data from the 
physical asset; and the CPS encompasses the physical 
asset, the digital twin of that asset and the IoT that is the 
bridge between them. It is also seen here that the digital 
win is not only a single digital replica of an asset but rather 
an ecosystem of digital replicas.   
Contrary to this, there is also the view that CPS and digital 
twin are not interconnected technologies that form part of 
a wider system but instead as two similar yet separate 
concepts of development. Tao et al (2019) investigates this 
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topic extensively, stating that both CPS and digital twin 
originate from two separate origins that have influenced 
their structure, development and areas of implementation. 
Digital twin originates from a complex engineering 
background that sought to understand the 
interdependencies between engineering systems, whereas 
CPS was born of a more scientific background that sought 
to efficiently describe complex systems using traditional 
IT terminology (Tao et al., 2019). 
The two concepts do share a number of common 
characteristics as set out by Tao et al, (2019), with both 
consisting of a physical asset and a  digital/cyber element 
where the physical is tasked with the harvesting of asset 
data to be relayed  to the cyber and similarly to actuate the 
commands of the cyber after analysis and decision making. 
In order to achieve this, the cyber/digital employs a 
number of applications and technologies to generate 
insights to enhance decision making within a system. 
These two parts create a continual cyclical feedback loop 
of “physical world-digital world-physical world” (Lu et 

al., 2019). 
The hierarchical structure of both digital twin and CPS are 
considered to be formed of the same three levels; the unit 

level, system level, and system of systems level as can be 
seen in Figure 4 (Qi et al., 2018). What is also suggested 
here is that the creation of a comprehensive digital twin or 
CPS must start in the same way, with a bottom-up 
approach, starting with the definition of unit-level 

processes and assets, slowly building until the second level 
is achieved and a system is modelled either in part or full. 
Finally, beginning to relate these different systems to one 
another as to achieve the third level of a system of systems.  
While taking a similar stance that Digital Twin and CPS 
are two separate yet highly related concepts, Ciano et al 
(2020) outlines evidence that suggests that CPS is an 
evolution of embedded systems where the CPS network 
can coordinate and integrate computation and physical 
processes. Computational components serve to monitor,        
detect and activate physical elements. They state that the 
focus of contemporary research regarding CPS focuses on 
the link between the embedded systems of the physical 
layer and the application layer. According to the author, it 
is here that CPS and Digital Twin could benefit one 
another, as Digital Twin could become the bridge between 
the physical and applications layers with the Digital Twin 
containing all the necessary information needed for the 
working a of a CPS. However, these propositions suggest 
that while CPS and Digital Twin can benefit from there 
interrelation, they are not dependant upon one another and 
they can both exist independently of the other.   
While CPS and digital twin have a number of similarities, 
they are also said to have some defining differences, 
primarily in their emphases. Tao et al (2019) explores this 
for digital twin citing Schleich et al (2017) and DebRoy et 

al (2017) who suggest that the Digital Twin are not only 
comprised of a highly consistent model of the physical in 
terms of geometry and structure but also that it is capable 
of simulating its spatiotemporal status, its behaviours, and 
functions. Going on to further highlight the focus on the 
creation and definition of a high-fidelity virtual model 
with a one-to-one correspondence between physical and 
virtual components, with the high-fidelity of the replica 
enabling the digital twin to understand and predict 
occurrences in the physical (Tao et al., 2019). Whereas 
with  CPS Tao et al (2019) provides overviews of CPS 
from Wang et al (2015) which suggests that at its core that 
CPS strives to add new capabilities to the physical system 
by utilising the intensive interaction of computation and 
communication into the physical process. Additionally, 
CPS is thought to follow the principles of collaboration of 
computing, communication, and control; which results in 
a one to many correspondence and gives greater attention 
to the data exchange loop between the physical and cyber 
systems, and thus placing the network of sensors and 
actuators at its core (Tao et al., 2019). It is because of these 
differences in emphasis that there can be a disparity in the 
aspects captured and modelled in the levels of the 
structural hierarchy (Figure 4), while the structure itself 
remains the same. 

DISCUSSION 

Through the course of this paper an attempt has been made 
to provide research-based insights drawn from relevant 
peer reviewed literature, into the disparity of how digital 
twin is discussed in relation to the already established     
notion of BIM in construction and the built environment 
and the CPS concept. 

Figure 4 Hierarchical levels of CPS and DTs in manufacturing 

(Qi et al., 2018) 

Figure 3 The relationship between Digital Twin, CPS and IoT 

(Y. Lu et al., 2020 
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The inconsistencies in digital twin discussions were found 
significant to the extent it was possible to identify three 
different understandings of about its delineations with 
BIM. The first understanding with studies such as Boje et 

al (2020) and Lu, Xie, et al (2020) outlines routes to digital 
twin realisation that are seen to be the continuation of the 
BIM methodology, by incorporating new technological 
advances. The second understanding considers BIM and 
digital twin as two distinct concepts based on dissimilarity 
in aspects as: their abilities to incorporate real time data 
feedback loops (Sacks et al., 2020), the difference in the 
professionals that make use of them, their current 
capabilities and areas of application and the stage of an 
assets lifecycle (Khajavi et al., 2019). Both understanding 
were not fully resolute considering the counter evidence 
from the peer reviewed literature. A third understanding 
suggested that BIM and digital twin are two 
complementary concepts that can be simultaneously used 
to develop new capabilities such simulation of 
performance and lean planning and control.  
The potential delineations of digital twin and CPS seem 
further apart with one another. On one side it is argued that 
digital twin and CPS are both parts of a wider ecosystem 
of digital technologies and processes while on another, the 
two concepts are considered distinct but with a number of 
common characteristics.  
A number of studies such as Hoffmann Souza et al (2020), 
Sun et al (2020), Y. Lu et al (2020)  and Leng et al (2020) 
have taken the stance that digital twin is an integral part of 
the wider CPS system as it forms the virtual representation 
of a physical asset that utilises a plethora of technologies 
and applications such as IoT, AI, Big Data analytics and 
cloud computing. 
Contrary to this, Tao et al (2019) suggest that digital twin 
and CPS are two individual concepts, yet, share a number 
of similarities such as; the structure of hierarchical levels, 
the components they are comprised of, and also that they 
both utilise the variety of applications and technologies to 
meet their intended purposes. However, the two are said to 
differ greatly in their development emphasis, which in turn 
creates disparity in the aspects captured and modelled 
within the respective concepts. 
Understanding the relationship between digital twin and 
CPS could greatly alter not only the language and 
terminology used when discussing the components of a 
digital twin, but also its applications in the future.  
If the built environment is to realise the potential benefits 
of digitalisation, future research should strive to build 
consensus about the communalities, differences and 
interactions between the digital twin, BIM and CPS 
concepts. If this challenge is not addressed, the risk of 
compromising the reusability of knowledge that is 
available in the industrial and academic literature and its 
retrieval become a real prospect. This will partly 
contribute to slowing down the digitalisation of the 
construction sector at a time when the sector is facing new 
challenges and is being asked to be more efficient than 
ever. 
 

CONCLUSIONS 

Differences and commonalties between digital twin, BIM 
and CPS are becoming a recurrent topic of discussion in 
academic and industry settings. To date, this issue has not 
been addressed in a research-oriented approach.               
This paper addressed this gap using a systematic review. 
We identified three different understandings in relation to 
digital twin and BIM. All the three stances could be         
challenged with counter-evidence from the literature. 
While this paper does not attempt to develop a new         
definition of either digital twin, BIM or CPS, it was         
successful in highlighting the debate and the different 
views about the three concepts. It contributed to                
classify emerging views, highlighting the differences 
between them, and calling for further investigation into 
this challenge. Understanding the delineation between the 
three concepts is important to harness knowledge and 
accelerate digital transformation within the construction 
sector and the built environment. 
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ABSTRACT 

Manually gathering information about activities on 
construction sites for project management purposes is 
labor-intensive and time-consuming. As a result, several 
works leveraged the already installed surveillance 
cameras to automate this process. However, the recent 
learning-based methods discretize continuous activities 
by assigning a single label to multiple consecutive frames. 
They do not fully leverage the contextual cues in the 
scene, and are not optimized end-to-end. A variation of 
the YOWO network, called YOWO53, is proposed in this 
paper to address these limitations. YOWO53 shows better 
classification and detection results over YOWO and 
allows using smaller input frames with real-time speed.  

INTRODUCTION 

Having access to detailed information about 
construction sites is beneficial to many project 
management tasks including productivity analysis. 
Unfortunately, manually gathering this information is 
labor-intensive, time-consuming, and may not be detailed 
or efficient enough, especially for large projects. Luckily, 
surveillance cameras are already installed in most 
construction sites nowadays. As a result, several works 
leveraged them to address this issue by using vision-based 
automatic activity recognition methods (Luo et al., 2020, 
2019, 2018a, 2018b). Automation helps to analyze 
potential reasons for idling and productivity loss; but the 
existing methods are still far from being applicable to the 
real world.  

The recent learning-based frameworks such as the 
ones used in (Luo et al., 2020, 2019, 2018b) consist of 
three main modules, detection, tracking, and activity 
recognition; each trained separately. These frameworks 
are referred to as the three-stage frameworks throughout 
this paper. They start with a worker detection module 
detecting every worker in every frame, followed by a 
tracking module that connects the detected workers in 
consecutive frames. This results in cropped video clips 
that contain a single worker performing a certain task 
(Figure 1). The video clips are then automatically broken 
into short segments (16 or 64 frames) by the activity 
recognition module, and the type of activity performed by 
single workers are recognized for each segment.  

One of the shortcomings of these frameworks is that 
the activity recognition modules discretize continuous 
activities, and produce a single label for each discrete 
segment. In other words, these frameworks perform 
segment-level (e.g. 16, or 64-frame segments) activity 
recognition; assuming that each discretized segment 
contains a single activity. These activity recognition 
modules are trained and tested on video clips that are 
manually trimmed around single activities. Therefore, 
they fail when this ideal situation is not satisfied in the 
real-world due to unsupervised automatic discretization of 
site videos. Despite using short segments to make sure 
that they span no more than one activity, there is no 
guarantee that all the frames of each segment are placed 
in the middle of an activity and do not contain, for 
example, the ending of one as well as the beginning of 
another activity. In addition, the modules are optimized 
separately, which does not guarantee the optimization of 
the entire framework. For example, the detected boxes 
around workers may be too tight resulting in video clips 
containing no context or background information while 
some activities are easier to detect having that additional 
information (e.g. activities containing interaction with a 
tool/object or another worker, or activities that only take 
place in a specific part of the construction site). Note that 
the performance of the three-stage frameworks is lower 
than the performance of the individual modules as the 
error propagates from the first to the last module; a wrong 
or incomplete detection will result in a wrong activity 
recognition. 

Context is another matter that has been missing so far 
in the previous construction-related activity recognition 
works. There have been several papers in computer vision 
such as (Pan et al., 2020), investigating the improvement 
brought to activity recognition by using context; but they 
are rarely leveraged by the construction community. One 
of the few works using contextual information to improve 
the activity recognition module on construction sites is 
(Luo et al., 2020). They used additional modules on top 
of the three-stage framework to leverage the information 
from nearby workers assuming workers are working in 
groups. Still, the entire framework is not optimized end to 
end, other contextual information is not considered, and 
its performance is conditioned on the number of nearby 
workers, as well as the assumption that the activity of 
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nearby workers are somehow related. Having said that, 
the improvement brought by the additional module 
supports the claim that contextual information is 
beneficial to activity recognition.  

Latency is another issue with the three-stage 
frameworks. In these frameworks, the output of each 
module needs to be saved somewhere in the memory, 
processed, and then be fed to the next module, leaving the 
next module idling during this process. The latency 
becomes more significant when we are dealing with about 
7-10 hours of site videos per day.  

This study aims to apply a fast, and fully optimized 
CNN-based method (You Only Watch Once, YOWO 
(Köpüklü et al., 2020)) to jointly detect construction 
workers and their activities in every frame; and then track 
the results through the entire video. A variation of this 
network with more accurate detections is proposed in this 
paper to address the challenge of detecting small workers 
in large construction site video frames. The two networks 
have been tested with various 3D backbones. The full 
frames are used for both the detection and activity 
recognition, allowing the networks to extract useful 
contextual information from the scene and minimizing the 
effect of wrong detections on activity recognition. The 
networks recognize continuous activities in each frame 
(frame-level activity recognition), instead of discretizing 
the activities. Using a single module enables the 
optimization of the entire framework end-to-end. In 
addition, a sensitivity analysis is applied to compare the 
results of the two networks with different 3D backbones 
and input frame sizes with respect to accuracy, precision, 
recall, and speed. 

LITERATURE REVIEW 

Video understanding methods can be classified based 
on their input or output types. Input videos can be 
trimmed, or untrimmed while the output of the methods 
depends on the task at hand. 

Trimmed videos are temporally trimmed around 
single activities and the goal is to produce a single label 
for the entire clip. Untrimmed videos can contain some 
unrelated frames, or even multiple activities. They are 
easier to gather with no manual effort allowing the 
creation of large datasets. However, activity recognition 
for these videos is generally more challenging and shows 
lower performance (Heilbron et al., 2015). There has been 
extensive research on both input types in computer vision; 
but the construction community has been mainly focused 
on using single activity trimmed inputs to train the 
models, which is not a practical assumption when it comes 
to real-world problems as explained in the previous 
section. 

In addition to the input, there are several different 
outputs based on the task at hand. Activity classification 
is one of these tasks and aims to choose a single label from 
a set of predefined labels for the input video, whether it is 
trimmed or untrimmed (Heilbron et al., 2015). This 
method is the ideal solution when the input video contains 

a single actor performing a fixed activity in the entire 
video. The construction community has been using this 
approach to recognize discretized activities in 
construction site videos so far (Luo et al., 2020, 2019, 
2018a, 2018b). However, since there are multiple workers 
in the site videos, the first step is to isolate the workers 
using available methods and generate cropped video clips 
for each.  

Spatiotemporal activity detection is another video 
understanding task; and is used when multiple actors are 
performing different tasks in trimmed or untrimmed 
videos. Spatiotemporal activity detection methods 
produce bounding boxes around workers as well as their 
activity labels (Girdhar et al., 2019; Kalogeiton et al., 
2017; Köpüklü et al., 2020; Pan et al., 2020; Yang et al., 
2019). Considering the nature of construction site videos, 
spatiotemporal activity detection is the most suitable 
method.  

There have been few studies on the activity 
recognition of workers on construction sites. Authors of 
(Luo et al., 2018a) used Faster R-CNN to detect workers 
and construction-related objects in still site images. They 
construct a relevance network based on the relations 
between objects and activity patterns, as well as the pixel 
distance of objects. Using the relevance score of detected 
objects, 17 different activities are inferred. Since the 
decision is made based on still site images, temporal 
information is not taken into account. They later 
Introduced a framework in (Luo et al., 2018b) to produce 
activity labels for all workers in 3-second video clips by 
considering the temporal information. They specify 
workers bounding boxes manually and track them with a 
single object tracking algorithm. Next, 3-second video 
clips are divided into three segments. One RGB frame is 
chosen randomly from each segment and fed to Temporal 
Segment Network (TSN) (Wang et al., 2017) along with 
five random consecutive optical flow frames. TSN 
predicts the probabilities of each class, and the activity 
with the highest score is chosen among 16 classes for the 
entire 3-second video clip. Furthermore, to evaluate the 
productivity of the workers, they classify the workers' 
activities into three classes of productive, non-productive, 
and semi-productive.  

Aligning worker groups with workspaces in advance 
helps with improving the performance and safety of 
workers. This requires detection and understanding of 
dynamic workspaces. To visualize workspaces, authors in 
(Luo et al., 2019) first detect and track workers through 3-
second video clips. YOLOV3 (You Only Look Once) 
(Redmon and Farhadi, n.d.) together with a multiple 
object tracking method was used for this purpose. The 
clips were spatially cropped around the smallest bounding 
boxes that surround detected workers regardless of their 
movement in the clips. ResNext-101 (Hara et al., 2018) 
was then fed with extended bounding boxes separately to 
recognize 12 different actions. The activity locations were 
then projected from the frame plane into floor plan 
coordinates. Assuming that action classes and their
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locations define workspaces, a set of rules were described 
to classify actions into four different workspaces. These 
workspaces were working areas, paths, lay-down areas, 
and resting areas. Finally, a density-based clustering 
algorithm (OPTICS (Ankerst et al., 1999)) was used to 
group area points together.  

To detect the activities of workers in groups, the 
authors of (Luo et al., 2020) combined deep features and 
contextual information. They used YOLOV3 for workers 
detection, SORT (Bewley et al., 2016) multiple object 
tracking method, and ResNext-101 to extract deep 
features from single worker clips. They defined the spatial 
distance between workers based on the overlap and 
distance of workers bounding boxes and then applied k-
nearest neighbors to generate an activity graph that shows 
the relevance of workers to each other. Finally, they input 
the activity graph and deep features to a conditional 
random field (CRF) and inferred the most probable 
activity among 17 classes for each worker, based on their 
relationship with the neighboring workers as well as the 
deep features extracted with ResNext-101. 

Figure 1 shows the main structure of the activity 
recognition framework used in (Luo et al., 2020, 2019, 
2018b) excluding the additional CRF post-processing in 
(Luo et al., 2020). As mentioned at the beginning of this 
section, all of these methods consider the input to be 
spatially cropped around single workers, and discretize 
the continuous activities. Assuming that the discretized 
segments are temporally trimmed around single activities, 
they produce a single label for the entire duration of 
segments (segment-level activity classification). 
Regardless of the short duration of segments, this 
assumption does not always hold when applying the 
method to real-world problems. To apply these methods 
to real construction site videos, the videos are 
automatically segmented by the activity recognition 
module. However, there is no manual supervision to make 
sure these segments contain single activities.  In addition, 
all of the above papers (expect (Luo et al., 2018a), which 
does not consider temporal information at all), use 
separate detection and activity recognition modules. 
However, separate optimization of these modules does not 
guarantee the end-to-end optimization of the framework. 
Moreover, contextual information is only considered in 
(Luo et al., 2020) for workers working in groups. The 

context used in (Luo et al., 2020), is only the activity of 
nearby workers; and other objects, tools, or the general 
scene are not used to improve the performance.  

METHOD  

Dataset preparation and annotation  

Surveillance cameras can be found in most 
construction sites nowadays. These cameras are typically 
used to deter unwanted, illegal, or dangerous activities, as 
well as to protect against robbery. By recording and 
storing site videos, hours of data can be generated and 
used in computer vision applications.  

There are multiple trades on construction sites  
including carpenters, bricklayers, concrete workers, metal 
workers, etc. Depending on the type of the construction 
project, a subset of these trades and activities may exist in 
the site videos. The project schedule coupled with the 
Building Information Model (BIM) can be used to 
identify the type of the project, existing trades, and 
activities at different phases of the project. Site videos can 
later be studied to confirm the selected activities and pick 
the ones that are visible to each installed camera to train 
the network. On the other hand, there are generic 
activities, such as walking, standing, sitting, and 
transporting tools and materials, that are done regardless 
of the type of the project. These activities are present in 
almost all construction sites and can be generalized from 
one site to another. For example, the construction project 
used in this research was mainly formwork, concrete, and 
steelwork, but included the above generic activities as 
well.  

The training input videos to the method used in this 
paper, are short video clips containing multiple workers 
performing different continuous activities; as opposed to 
the cropped single activity clips shown in Figure 1. To 
generate the dataset, video clips containing the activities 
of interest are trimmed from the site videos. There is no 
need to ensure that the training clips contain single 
discrete activities or single actors; but the trimming is still 
done so that only the portions of the site videos containing 
activities of interest are included in the dataset 
(consecutive activities can exist in the training clips as 
long as they are annotated). Next, clip frames are 
extracted and annotated with bounding boxes around 
workers as well as their activities. 

Figure 1: Detection-Tracking-Activity recognition workflow 
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Detection and activity recognition  

In contrast to the methods introduced in the literature 
review, the method used in this paper uses the entire frame 
as input (instead of bounding boxes) to recognize activity 
classes. Hence, more contextual information is 
considered, and recognitions are more robust to detection 
errors (i.e. a wrongly placed bounding box may not 
contain the entire body of workers, hence the resulting 
clips are not suitable to be used for activity recognition 
and will propagate the error). The detection and 
recognition are done jointly and are optimized end-to-end. 
Therefore, the final error includes the error from both 
stages, giving a better understanding of the performance 
of the entire framework. 

The network used in this paper is a slight variation of 
YOWO (Köpüklü et al., 2020) called YOWO53. The 
original YOWO is a spatiotemporal activity recognition 
network that jointly detects and recognizes continuous 
activities for each frame (frame-level activity recognition) 
instead of discretizing them into single activity segments 
(segment-level activity recognition).  

As shown in Figure 2, YOWO53 consists of five main 
blocks: (1) 2D backbone, (2) 3D backbone, (3) Channel 
fusion and attention mechanism (CFAM), (4) Output 
CNN layers, and (5) Linking. Each block is briefly 
explained below.  

2D backbone: The 2D backbone extracts spatial 
information from the current frame using 2D CNNs. The 
detection results are mainly affected by this branch. The 
original YOWO introduced in (Köpüklü et al., 2020) uses 
the YOLOV2 (Redmon and Farhadi, 2016) backbone 
network (Darknet19) for this block.  Darknet19 is fast, but 
not very accurate in detecting small objects. YOLOV3 
(Redmon and Farhadi, n.d.) backbone (Darknet53), is an 
improved version of Darknet19 with more accurate 
detections for small objects and a slightly lower speed. 
Since cameras are usually installed at a height to cover 
large portions of the construction sites, workers appear 
very small in the site videos. Therefore, the new version 
of YOWO introduced in this paper uses Darknet53 
instead, to improve the detections.  

3D backbone: The 3D backbone uses the last 16 
frames (including the current frame) to extract temporal 
information which mainly helps with activity recognition. 

Different networks have been tested for this block in 
(Köpüklü et al., 2020). ResNext-101, due to its high 
accuracy, and ShuffleNetV2 2x (Köpüklü et al., 2019) due 
to its high speed, are chosen among them for this paper. 
 CFAM: The output shape of both 2D and 3D branches 
are the same and they are concatenated and fed to the 
CFAM block for fusion. CFAM uses the Gram matrix-
based attention. First, the concatenated feature maps are 
processed through convolutional layers. Then, they are 
reshaped and multiplied with their transpose to find the 
correlation between different channels. Finally, they go 
through a softmax layer resulting in attention weights that 
are multiplied with, and added, to the original feature 
maps. Using this method, each channel contains the 
summation of its own initial features as well as the 
weighted features of the rest of the channels.  

Output CNN layers: The fused feature maps are 
processed through additional convolutional layers 
followed by a regression module. Finally, a 1x1 
convolutional kernel with N channels is applied to it to 
find the probability of each activity class, center point 
(x,y) offsets, height offset, and width offset of each anchor 
box, as well as the detection confidence score. N is given 
in (1), and the number of anchor boxes is set to five in 
YOWO53 following the same set up of YOWO.   𝑁𝑁 = (𝑁𝑁𝐶𝐶. 𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝐶𝐶𝑎𝑎𝐶𝐶) × (𝑁𝑁𝐶𝐶. 𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 +  4 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶+  1 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶 )  (1) 

Linking: Detected boxes from consecutive frames are 
finally joined based on their class scores and IoU 
(intersection over union) using the Viterbi algorithm.  

Construction sites are large compared to the size of 
workers. Moreover, cameras are usually placed at a height 
to have a large field of view. Therefore, workers appear 
very small in the frames, and using high-resolution frames 
is essential for worker detection, activity recognition, and 
even annotation. Increasing the size of the frame will  
reduce the speed considerably. Therefore, this paper 
applies a sensitivity analysis to compare different frame 
sizes and backbones and find the perfect balance between 
speed, classification, and detection performance. The 3D 
backbones are shown with the first letter of their name as 
a subscript for the networks (e.g. YOWO53(S) and

Figure 2: The overall activity recognition framework of YOWO53 
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Table 1: Selected activities and the number of training videos for each  

 Standing Walking Transporting Hammering Drilling Placing/Fixing 

No. of videos 95 92 21 42 27 74 

No. of frames 9,145 9,163 2,840 2,442 1,840 9,981 

YOWO53(R) stand for the new version of YOWO with 
ShuffleNetV2 2x, and ResNext-101, respectively, as the 
3D backbones). 

Most of the state-of-the-art object detectors use anchor 
boxes instead of directly producing the bounding box 
locations. Anchor boxes are a set of initial bounding boxes 
with fixed sizes that are placed at every location of the 
output feature map. The network then produces a set of 
offsets to correct the shape and location of the boxes with 
the highest overlap with objects of interest so that they fall 
entirely inside the updated anchor boxes. The size of 
anchor boxes in YOWO53 is with respect to the size of 
the final feature map, which subsequently depends on the 
size of the input frame. Therefore, they are adjusted for 
the size of the workers in each input size.  

IMPLEMENTATION AND CASE STUDY 

Dataset 

Table 1 shows the statistics of a subset of identified 
activities in the site that are used to generate the dataset 
for this research. An example of each activity is shown in 
Figure 3. The videos are collected from a construction site 
near Montreal, Canada. The original video frame size was 
1920x1080. However, only the 1440x720 segments from 
the bottom-right corner of the frames are used to remove 
far-field activities as their detection is very challenging, 
and beyond the scope of this paper. Frames are extracted 
at 15 FPS (out of 30 FPS) from the videos as consecutive 
frames were highly similar. Training and testing videos 
have various durations from 2 to 10 seconds to cover 
segments of site videos that contain the activities of 
interest. The training dataset consists of 157 video clips 
(16,566 frames) and testing is done on 39 video clips 
(3,720 frames). Each video contains multiple activities 
and workers, resulting in 351 activity instances in total. 
Frames were extracted and annotated with bounding 
boxes around workers as well as their activity using 
LabelImg (darrenl, 2020) annotation toolbox. 

  

  

  
Figure 3: Examples of activities shown in Table 1 

Training 

The networks are trained in a Python 3.6 environment 
with two 32GB NVIDIA V100 GPUs. Testing is done in 
the same environment with a single GPU. The batch size 
is set to 6 for YOWO(S) and YOWO53(S), while it is set to 
1 for YOWO(R) and YOWO53(R) due to memory limits. 
Since the dataset is relatively small, both 2D and 3D 
backbones are pre-trained on Kinetics (Kay et al., 2017) 
dataset, and frozen except for the last two layers of the 2D 
backbone, and the last layer of the 3D backbone. The 
CFAM block and the last convolutional layer are fully 
trained as well. The Darknet19 and Darknet53 2D 
backbones pre-trained weights are downloaded from 
Darknet official website (Redmon, 2021). All models are 
trained for 25 iterations and the best results are saved for 
evaluation. 

Adjusting anchor boxes 

The networks are trained and tested on different frame 
sizes. Therefore, to obtain more accurate results, a 
different set of anchor boxes are used for each of them as 
explained in the method. K- means clustering with IoU as 
the similarity measure is applied on the height and width 
of the training dataset bounding boxes to find the initial 
anchor box sizes. The height and width of the training 
bounding boxes are normalized by the height and width 
of the image. The clustering result is shown in Figure 4. 
The cluster centers are then multiplied by the size of the 
final feature map for each frame size. YOWO uses five 
anchor boxes following the setup in YOLOV2, while 
YOLOV3 uses 9. However, increasing the number of 
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anchor boxes reduces the speed of the network. Therefore, 
five anchor boxes are used for all models including the 
ones with the YOLOV3 backbone (Darknet53). In 
addition, since the network only detects a single object 
(workers) in near and mid-field, using more variations in 
anchor sizes is not necessary. 

 
Figure 4: The clustering result of normalized height and width 

of bounding boxes 

Classification, detection, and video-mAP 

Only detections with more than 0.5 IoU with one of 
the ground-truths are counted as true positive (TP) for 
evaluation of classification accuracy, detection recall, 
overall precision, overall recall, and overall f1-score using 
(2) to (6). Overall precision and recall measure both 
detection, and classification performance of the 
framework; and are calculated for activity detections 
(referred to as ‘Total detections’ in (4)), and TPs with 
more than 0.25 confidence score. The confidence score is 
the multiplication of both detection and class confidence. 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎=  𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶   
(2) 

 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑎𝑎𝐶𝐶𝑎𝑎𝐶𝐶𝑐𝑐𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶ℎ𝐶𝐶 (3) 

 𝑂𝑂𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶=  𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 𝑇𝑇𝑇𝑇𝐶𝐶 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  (4) 

𝑂𝑂𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶=  𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 𝑇𝑇𝑇𝑇𝐶𝐶 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑎𝑎𝐶𝐶𝑎𝑎𝐶𝐶𝑐𝑐𝐶𝐶𝑎𝑎𝑎𝑎𝐶𝐶ℎ𝐶𝐶  (5) 

𝑂𝑂𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶1=  2 × 𝐶𝐶𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 +  𝐶𝐶𝑂𝑂𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

Table 2 shows the classification accuracy, detection 
recall, and overall f1-score for different models. 
YOWO53(S) shows a great improvement over the original 
YOWO(S) in all three measures from 76.4% to 85.3%, 
89.7% to 98.5%, and 0.674 to 0.823 respectively, using 

896x896 input frames. The same pattern holds for smaller 
input sizes. Note that YOWO53(S) with the smallest input 
size gives almost the same results as the original 
YOWO(S) with the largest input size. Additionally, 
YOWO53(R) is tested with a slight improvement in both 
classification accuracy, detection recall, and overall f1-
score (77.0%, 91.1%, 0.688 respectively) with 448x448 
input frames running at 4 FPS. However, due to the high 
computational complexity and large size of the network, 
it was not possible to fit larger frames even in two GPUs 
for the training stage. YOWO(R) with 448x448 input frame 
resulted in much more improvement over YOWO(S) with 
79.0%, 61.7%, and 0.49 classification accuracy, detection 
recall, and overall f1-score.  

Video-mAP is calculated using multiple IoU 
thresholds, and measures the area under the precision-
recall curve for activity tubes (i.e. linked detected boxes 
with the same activity); thus it is a good metric for 
evaluating the spatiotemporal detection ability of the 
method. The precision and recall are computed as in (4), 
and (5). To find TPs, and false positives (FPs), the average 
IoU of all boxes in each activity tube is first calculated. 
This value is then multiplied with temporal intersection 
over union (TIoU), which is the number of valid detected 
boxes divided by the number of frames in the union of 
ground truth activity tube, and the activity tube 
recognized by the network. The resulting value is 3D IoU 
as shown in (7). If the activity class of the tube is chosen 
correctly and 3D IoU is higher than the predefined IoU 
threshold, the activity tube is considered as a correctly 
classified TP; otherwise, it is an FP. The precision and 
recall are calculated using these TPs and FPs. Finally, 
video-mAP is computed by taking the area under the 
precision-recall curve of activity tubes for each class and 
each IoU threshold. 3𝐷𝐷 𝐼𝐼𝐶𝐶𝐼𝐼 = ( 1𝑁𝑁𝐶𝐶. 𝑏𝑏𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶  × ∑ 𝐼𝐼𝐶𝐶𝐼𝐼)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  

× 𝐶𝐶𝐶𝐶𝑒𝑒𝑝𝑝𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑝𝑝𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶 𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  
(7)  

The values reported in Table 3, are the average video-
mAP over 0.05, 0.1, 0.2, 0.3, 0.5, and 0.75 IoU thresholds  
for each class using YOWO53(S). The average video-
mAPs over all classes are reported in the last column for 
each input size. Similar to Table 2, increasing the input 
size improves the average result; with the largest input 
size (896x896), giving 0.686 video-mAP. It can be 
noticed from Table 3, that transporting material and 
walking have low video-mAP. This may be explained by 
the fact that transporting materials is a combination of the 
walking activity and holding an object in hands. The two 
activities have similar mobility and pose. Therefore, they 
can be easily confused if the object is not visible while 
workers are facing away from the camera. Having few 
training videos for the transporting activity can be another 
explanation of low video-mAP for this class. 
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Table 2: Comparison of classification accuracy, detection recall, F1-score, and speed of different networks 

Network Input 
size 

Classification 
accuracy (%) 

Detection 
recall (%) 

F1-
score 

                       FPS 

Batch size 1 Maximum batch size 

YOWO(S) 896 76.4 89.7 0.674 7.9 14.4 (batch size 4) 

704 78.4 86.0 0.622 9.6 22.9 (batch size 7) 

512 74.8 54.1 0.386 11.3 48.4 (batch size 14) 

448  76.5 35.1 0.261 12.0 61.6 (batch size 14) 

YOWO53(S) 896 85.3 98.5 0.823 5.2 5.2   (batch size 1) 

704 83.1 98.4 0.795 7.4 11.1 (batch size 3) 

512 81.9 93.0 0.745 9.3 22.2 (batch size 5) 

448  76.1 89.7 0.672 9.5 29.3 (batch size 7) 
 

Table 3: Per-class, and overall video-mAP for different input sizes with YOWO53(S) 

Input size Standing Walking Transporting Hammering Drilling Placing/Fixing Average 

896x896 0.759 0.467 0.289 0.777 0.999 0.823 0.686 

704x704 0.722 0.412 0.290 0.611 0.999 0.883 0.653 

512x512 0.693 0.404 0.333 0.778 0.833 0.821 0.643 

448x448 0.672 0.331 0.332 0.778 0.833 0.783 0.621 

Speed performance  

The speeds of different models are shown in the last 
two columns of Table 2. Runtime speeds are calculated on 
one 32GB NVIDIA V100 GPU for both batch size 1, and 
the maximum batch size that fits in the GPU. The batch 
size is increased step by step for each frame size to find the 
maximum value. Smaller inputs are processed faster by the 
network with batch size 1; however, they also allow using 
bigger batch sizes resulting in even faster processing. The 
maximum speeds achieved by using maximum batch sizes 
are shown in the last column of the table. YOWO53(S) is 
slower than YOWO(S) on 896x896 input frames running at 
5.2 maximum FPS compared to 14.4 maximum FPS. 
However, the improvement brought by Darknet53 allows 
YOWO53(S) to use smaller input sizes such as 448x448 
running at 29.3 maximum FPS and still get the same 
performance as YOWO(S) with 896x896 input size at 14.4 
maximum FPS.  

SUMMARY, CONTRIBUTION, AND 

CONCLUSION 

To address the limitations of recent computer vision-
based activity recognition frameworks for construction 
workers, a spatiotemporal activity recognition network, 
YOWO, and an altered version of it introduced in this 
paper called YOWO53 are tested on a costume dataset 
containing six different activities. These networks can 
jointly detect and classify activities for all workers in each 
frame while considering the contextual information from 
the scene, which was not leveraged before. The input 
videos may contain multiple workers performing several 
continuous activities. The activity recognition is 
performed at frame-level instead of clip-level allowing a 

more detailed productivity analysis. The networks are 
jointly optimized for detection and activity recognition as 
opposed to the previous methods that optimized separate 
modules. The contribution of this paper is in applying 
variations of YOWO and YOWO53 for activity 
recognition on construction sites to test their performance 
based on a sensitivity analysis considering the frame sizes. 
YOWO53(S) shows better classification and detection 
results over YOWO(S) and allows using smaller input 
frames with real-time speed. 

YOWO and YOWO53 are compared based on speed, 
and accuracy with different input sizes. YOWO53(S) with 
896x896 frame size achieved higher detection recall 
(98.5%) and activity classification accuracy (85.3%) 
compared to YOWO(S) with a similar frame size. In 
addition, YOWO53(S) can achieve almost the same result 
as YOWO(S) with 896x896 input frames using 448x448 
inputs, compensating for its lower speed. YOWO53(S) runs 
at 29.3 FPS on 448x448 input frames while the original 
YOWO(S) runs at 14.4 FPS on 896x896 frames having 
almost similar classification and detection performance.  
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ABSTRACT 

This paper presents preliminary results from an empirical 
study on the effects of environmental perturbation (an 
unexpected, disruptive, social or economic event), such 
as the pandemic-driven disruptions, on attitude towards 
innovation. The results based on a survey with 266 
construction professionals from multiple countries 
demonstrate that such perturbations force a change in the 
attitude towards innovation, both among individuals and 
organisations. The study also validates the earlier claims 
that this change can be positive as well as negative. Cases 
of both increase and decrease in innovation-related 
activities are reported. Findings also suggest that the 
perturbation-induced excitation aligns the needs and 
priorities of the different actors in the ecosystem, 
fostering innovation activities.  

INTRODUCTION 

Innovation and attitude towards innovation has long been 
a topic of interest in the construction sector. 
Traditionally, there has been an overwhelming concern 
that the construction industry shows a lukewarm attitude 
towards change and innovation (Dubois and Gadde 
2002). Nonetheless, the COVID 19 pandemic situation 
has shown that the construction industry, like many other 
industries, was forced by the immediate challenge to 
accept innovation and changes in response to the crisis.  

The pandemic situation and the broader societal 
response have demonstrated numerous innovation 
activities and forced people to adopt different behaviours 
and attitudes towards change under environmental 
perturbation. Enviromental perturbation refers to an 
unexpected, major disruptive event in the social or 
economic environment (Meyer 1982). This phenomenon 
is neither new nor surprising. Under a sweeping 
generality, such observations can also be explained using 
the phrase 'Necessity is the mother of invention'. 
However, leaving the observations to such 
generalisations does not help. Instead, what can such 
events reveal about innovation, our attitude towards 
innovation, and perhaps about necessity? This research 
aims to investigate such questions. 

This research seeks to advance the theoretical and 
conceptual understanding of the effects of environmental 
perturbation on professionals' attitude towards 

innovation, building on the empirical data and 
observations from the COVID 19 crisis. The exceptional 
perturbation events and situations brought about by 
COVID 19 provide a unique opportunity to collect data 
across different geographical regions and a wide range of 
actors and contextual factors. At the same time, the extent 
of perturbation brought about by COVID 19 remains an 
outlier. Consequently, the theoretical model to be 
explored should also consider the likely exaggerated 
nature of the empirical data from the current situation. 
Hence, this research does not seek to limit the study of 
the collected data as a one-off situation. Instead, the aim 
is to build on this data and the existing theoretical models 
of innovation under environmental perturbation. The 
primary goal is to investigate whether the exaggerated 
perturbation demonstrates patterns that are also 
observable or have been observed in other situations, 
albeit not as distinctly as in these exceptional situations. 

Therefore, this research builds on the authors' prior 
work (Singh 2014, Singh and Holsmtrom 2015), which 
discusses environmental perturbation and innovation-
related attitude of actors from the perspective of 
Maslow's Hierarchy of Needs (HON) (Maslow 1943). 
The first objective is to test whether the new empirical 
findings from the COVID 19 situation are consistent with 
the previously reported findings and theoretical models 
(Singh and Holmstrom 2015) or not. After that, the goal 
is to further build on the theoretical concepts and extend 
the understanding of the relationships between 
environmental perturbations, innovation, the innovation-
related attitude of actors in the innovation ecosystem, and 
some of the underlying factors associated with them.  

This paper reports the preliminary details of the 
empirical study that was initiated after the pandemic 
driven disruptions that emerged in the summer of 2020. 
The rest of the article is structured as follows. Initially, 
the background literature is briefly introduced to provide 
the theoretical and conceptual basis of this research. The 
research methodology section outlines the research 
framework, including details of the empirical approach. 
After that, preliminary results from the empirical data are 
presented. Finally, the paper concludes with a discussion 
on the preliminary results and findings.  
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BACKGROUND LITERATURE  

Innovation and innovation diffusion have been studied 
across various disciplines (e.g. Fagerberg and Verspagen 
2009), including construction, where the slow rate of 
innovation and innovation diffusion has been a concern 
(Dubois and Gadde 2002). Multiple factors and models 
that explain innovation and innovation diffusion have 
been reported (e.g. Fagerberg and Verspagen 2009). 
Rogers' seminal work on the diffusion of innovation is 
one of the most influential works in this area (Rogers 
1962, 1995, Rogers and Kincaid 1981). Rogers’ model 

reflects the social contagion effects (Burt 1987) in the 
innovation ecosystem. Besides the social contagion 
effects, discernible differences in attitude towards 
innovation have been noted among the different 
categories of actors in Rogers' model: the innovators, 
early adopters, early majority, late majority, and the 
laggards (Rogers 1995). While Rogers' innovation 
diffusion model has been validated and tested widely 
over the years, it primarily explains the innovation 
diffusion behaviour in regular environmental conditions. 
Still, it does not explain the conditions for innovations to 
emerge or diffusion patterns in perturbed environments. 
In contrast, others (e.g., Meyer 1982) have found that 
environmental perturbation and jolt disrupt and alter 
innovation patterns.   

Seeking a conceptual model that could explain the 
actors' attitude towards innovation and innovation 
diffusion in both regular and perturbed environmental 
conditions, Singh and colleagues (Singh 2014, Singh and 
Holmstrom 2015) investigated and found congruence 
between Rogers model of innovation diffusion (Roger 
and Kincaid 1981) and Maslow's HON (Maslow 1943).  
Hence, this research builds on Singh and colleagues' 
basic premises and findings, as outlined below.  

Actors in the innovation diffusion ecosystem and their 

hierarchy of needs 

The five categories of actors in Rogers' innovation 
diffusion model have been found to demonstrate 
discernible behavioural attributes. In general, innovators 
are risk-takers, early adopters aspire to be opinion 
leaders, and the early majority are pragmatists. In 
contrast, the late majority and laggards are conservative 
and sceptical, demonstrating basic security needs (Roger 
1995). Singh and Holmstrom (2015) argue that this actor-
behaviour mapping is congruent with the different levels 
of needs identified in Maslow's HON (1943). The 
innovators and early adopters are associated with higher-
order needs of self-actualisation and esteem. The rest of 
the actors reflect lower-order needs for the sense of 
belonging, risk aversion, and security.  

Further, Singh and Holmstrom (2015) only 
differentiate between primary needs and secondary needs 
to distinguish between primal needs of safety and 
security and higher-order needs associated with self-
actualisation, esteem, and creativity. Considering only 
two broad levels of HON instead of the five specific 

levels proposed by Maslow allows Singh and 
Holmstrom's model to  

• address the noted shortcomings and criticism of 
Maslow's specific need levels (Hall and 
Nougaim 1968, Hagerty 1999). 

• group the actors' needs in binary categories such 
that secondary-needs (higher-order) pertain to a 
positive attitude towards innovation. In contrast, 
primary-needs (lower-order) pertain to the 
neutral and negative attitude towards innovation.  

• apply the HON model not only to individuals but 
also to organisations as actors. 

Further, building on an analogy from the phenomenon of 
excitation of atoms under environmental perturbation, 
Singh and Holmstrom (2015) propose that the effects of 
environmental perturbation on changes in attitude 
towards innovation can be explained in terms of stable 
and excited state behaviours of the actors (see Figure 1). 
Singh and Holmstrom (2015) argue that under perturbed 
environmental conditions with adequate intensity 
(threshold level), actors may switch from their stable 
(default) state to excited state. In effect, they demonstrate 
a change in their attitude towards innovation. In Singh 
and Holmstrom's model, actors can be put in different 
categories based on their stable state needs and the 
threshold levels needed to alter their attitude towards 
innovation through excitation.  

One of the notable claims of Singh and Holmstrom's 
model, called ‘excitable innovation-behaviour model’ 
from hereon, is that excitation need not always lead to a 
positive change towards innovation. Instead, it argues 
that for actors whose stable state behaviour corresponds 
to positive innovation-behaviour, the environmental 
perturbation may push them to demonstrate a neutral or 
negative attitude towards innovation.  

 
Figure 1: Excitable innovation-behaviour model (Singh 

Holmstrom 2015) 
 

So far, the excitable innovation-behaviour model is 
primarily built on abductive reasoning, limited anecdotal 
evidence and observations, and secondary data from the 
Building Information Modeling (BIM) and construction 
Information Technology (IT) context. Further empirical 
evidence is needed to validate and refine their 
proposition.  

Singh and colleagues (Singh 2014, Singh Holmstrom 
2015) also distinguish three different types of actors in 
terms of their innovation-related roles and needs in the 
innovation ecosystem, namely, the need to innovate, the 
need for the innovation, and the need for the diffusion of 
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innovation (See Figure 2). Based on this categorisation, 
Singh and Holmstrom (2015) argue that  

• the change in attitude towards innovation is not 
limited to the transition from primary needs to 
secondary needs or vice versa. Actors may also 
switch between the need to innovate, the need 
for the innovation, and the need for the diffusion 
of innovation.  

• in general, successful innovation and wider 
innovation diffusion require fulfilment of all the 
three categories of needs. 

• the innovation and innovation adoption-related 
behaviour is influenced not only by social 
contagion effect, but also by the actors' degrees 
of freedom in the network. How actors respond 
to their innovation-related needs is also 
influenced by the dependencies in their network.  

 
Figure 2: Types of innovation-related needs in the ecosystem 

(Singh Holmstrom 2015) 
 

RESEARCH METHODOLOGY 

Research aim and objectives  

This research aims to build on the excitable innovation-
behaviour model proposed by Singh and Holsmtrom 
(2014) to understand the patterns and reasons for changes 
in actors' attitude towards innovation under 
environmental perturbations. The primary goal is to test 
whether their propositions and theoretical model 
explaining innovation-related needs and attitude of actors 
are valid and consistent with the innovation-related 
changes observable during the COVID 19 situation. More 
specifically, the main objectives of this research are to  

• test whether the same kinds of excitation can be 
observed for both individuals as well as 
organisations. 

• test whether the excitation-induced changes in 
attitude towards innovation can be both positive 
(leading to an increase in innovation) as well as 
negative (leading to a decrease in innovation). 

• investigate if the contextual factors such as job 
profile, years of experience, etc. influence the 
actors' response to environmental perturbation. 

• explore whether there is further evidence to 
suggest that the actors' degrees of freedom and 
network dependencies affect their attitude 
towards innovation. 

Research framework 

Figure 3 shows the research framework. The empirical 
data is collected through questionnaire-based surveys and 
follow-up interviews with some of the survey 
respondents.  
The design of  the questionnaire is based on the 
theoretical model proposed by Singh and Holmstrom 
(2015). While the existing theoretical model was based 
on adbuction, anecdotal evidence, and secondary data, 
the novelty of this work lies in the creation of a research 
framework based on questionnaire design and interviews. 
Most of the survey questions are based on multiple-
choice answers, allowing specific answers from 
respondents regarding individual and organisation 
attitude towards innovation. This approach enables 
quantitative insights based on the number of responses. In 
addition to the multiple choices, respondents can also 
provide additional comments and open-ended statements 
in many of the questions. Thus, the questionnaire 
responses allow both quantitative and qualitative insights. 

 
Figure 3: The research framework  

The questionnaire-based survey is followed by a 30-60 
minute semi-structured interview with some of the survey 
respondents, shortlisted from the pool of respondents 
who volunteered for a follow-up interview. The semi-
structured interviews allow the respondents to explain 
their earlier responses, provide narrative descriptions 
about their experiences and job profile, observations in 
the context of the COVID 19 situation, and provide 
tangible examples and inputs to complement their survey 
responses. The data collected from the semi-structured 
interviews are recorded on tape (only if the interviewees 
consent to it), and allow qualitative and interpretive 
analysis. The data analysis from the surveys and the 
interviews put together will enable testing, validation, 
and refinement of the theoretical models. The analysis, 
testing, validation and refinement steps will be iterative. 
The analysis will be conducted from different 
perspectives and at varying levels of details, as further 
new insights and patterns emerge from the data.   

Questionnaire design 

The list of questions is shown in Table 1. The first 12 
questions are profile questions that establish the 
respondent's background and contextualise them. 
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Questions 9 to 12 also indicate how the immediate 
ecosystem around the respondent responded to the 
COVID 19 situation. Questions 13 and 14 provide 
respondents feedback about their organisation's response 
to the COVID 19 situation. Questions 15 and 16 provide 
insights into respondents perception of how their 
colleagues (other individuals) responded to the COVID 
19 situation. Questions 17 and 18 are respondents 
feedback about they responded to the COVID 19 
situation.  

The questionnaire design allows insights into various 
contextual factors that might influence how actors 
respond to environmental perturbations with regards to 
their attitude towards innovation. The questions also 
allow comparisons on how individuals and organisations 
responded to the situation. Separate questions were 
included about how the respondents reacted versus how 
they thought their colleagues reacted in the situation. This 
will enable checking for potential actor-observer bias in 
responses (Jones and Nisbett 1971). In the actor-observer 
bias, people are known to assess their own actions 
differently from how they assess others' actions.  

Question 19 collects a list of respondents who were 
willing to volunteer for a follow-up interview.  
 

Table 1: List of questions included in the survey 

 Question 

1 What is your job title? 

2 For how many years have you been in the given 
role? 

3 How many years have you been working in the 
Built Environment? 

4 In which country do you work? 

5 Which option(s) better describe your 
organisation?  

6 How many employees work in your organisation?  

7 How many people in your company have a 
similar role as you? 

8 How many people do you manage directly? 

9 Which of these statements define your organisa-
tion's attitude towards innovation when it is busi-

ness as usual? 

10 Which of these statements define the majority of 
individuals' (professionals in your team or close 

network) responses towards innovation when it is 
business as usual? 

11 As part of your usual role, are you responsible for 
carrying out innovation in your organisation? 

12 Did your country of work adopt any lockdown 
measures during COVID 19? 

13 During COVID 19, the time your organisation 
spent on innovation ... 

14 Why did the organisation change its attitude 
towards innovation? 

15 During COVID 19, the time your colleagues (in 
team or close network) spent on innovation ... 

16 Why did the majority of individuals (profession-
als in your team or close network) change 

their attitude towards innovation? 

17 During COVID 19, the time you spent on 
innovation ... 

18 Why did you change your attitude towards 
innovation? 

19 If you are willing to take part in a follow-up 
interview, please leave your email address here 

 

Follow-up interviews  

Follow-up semi-structured interviews are being 
conducted to collect further data and inputs from some of 
the survey respondents who volunteered for the same. 
This part of data collection is still ongoing, and so far six 
such semi-structured interviews have been conducted. 
More interviews are scheduled for the coming months. A 
brief outline of the interview protocol is described below: 

• Total duration: 30 minutes to 60 minutes.  
• Interview Mode: online via a video conferencing 

tool such as Microsoft Teams or Skype. 
• Interviews with each participant is conducted 

separately, with one or two researchers 
conducting the interview.  

• Each interview starts with an introduction. 
Volunteers are thanked for their availability, and 
a quick summary of the research scope is 
presented to refresh their memories. 

• Interviewees are then asked to comment on the 
answers they provided to the survey questions, 
and whether their responses to any questions 
have changed since then. 

• They are also asked to provide tangible examples 
of questions pertaining to their own attitude, 
their colleagues, and their organisation. 

• If they reported changes in their attitude and 
innovation-related behaviour, they are asked to 
explain the trigger event and provide an 
example. For example, the company announced 
job cuts, lockdown in their country, etc.  

• They were asked to describe the options and 
alternatives that were there when they or their 
colleagues or their organisation had to make the 
innovation-related decisions.  

• Asked if they could identify/ describe the tipping 
point or the threshold that forced a change in the 
attitude (own/ colleagues/organisations). 

• Asked how long they thought the changes in 
behaviour (if any) would last?  

• Asked if anything has changed since the survey? 
If so, what and why? 
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• Asked if they can recall other perturbation events 
that changed attitudes towards innovation, 
besides the current COVID19 situation? If so, 
they are asked to describe the context.  

• Asked if they think such perturbations can be 
created artificially or by design to foster 
innovation or the rate of innovation adoption? 

• Is it possible to artificially create such an 
excitation within organisations without putting 
pressure on employees? Is there something that 
can create a sense of urgency and the desired 
response? Have they experienced such a 
situation? Do they have examples? 

• Asked if they agree to be contacted in 6 months 
for another follow-up interview.  

DATA COLLECTION 

Data collection using the questionnaire survey 

The survey was done online using Google Forms. The 
questionnaire links were shared through the research 
team's professional network via emails, Linkedin 
contacts, and through a friend of friend networks. The 
target respondents were mostly from the industry, with 
only a handful of exceptions.  

Though the initial target was 150 responses, the 
online form was kept open for nearly 3 months, given the 
study's positive response and feedback. During this 
period, 266 were obtained from different parts of the 
world. Nearly half (131) of the survey respondents 
expressed willingness to be available for a one-hour 
follow-up interview. This positive response was 
unusually high. The researchers did not anticipate that so 
many respondents from the industry would be available 
for a one-hour interview on the research topic. Therefore, 
only some of these respondents are being approached for 
follow-up interviews.  

Data collection using interviews 

The data collection using interviews is currently an 
ongoing activity, though some interviews are already 
done. The semi-structured interviews prove particularly 
useful in getting descriptive details, examples and 
anecdotal evidence from the interviewees.  

The semi-structured approach gives the flexibility to 
allow for a free flow of discussion. It also ensures that the 
interviewees cover the desired set of topics and questions 
in their responses. It also enables the interviewers 
(researchers) to adapt and formulate additional questions 
depending on the new aspects of the subject that emerge 
from the comments and descriptions.  

A structured analysis of the recorded data will be 
conducted using conversation analysis and verbal 
protocol analysis. However, some preliminary insights 
have already started to emerge through unstructured 
qualitative observations and note-taking during the 
interviews.  

PRELIMINARY RESULTS AND 

DISCUSSION 

The survey questions allow for varying analysis levels, 
especially with 266 responses that will enable filtering 
data across different sub-groups with a reasonable 
number of responses in the different sub-groups. 
Consequently, only the initial and broad set of patterns in 
the answers are presented in this paper. The authors also 
recognize that the COVID-19 situation had an observable 
general impact across the construction industry, but the 
discussions in this paper will be restricted to the specific 
insights from the survey and the interviews. 

Figure 4 provides some charts that provide contextual 
background to establish the profiles of the respondents. 
As shown in Figure 4.A, these respondents represent a 
wide range of organisations in terms of size: 20.7% of the 
respondents from companies with less than 10 staff 
members, 22.9% of the respondents come from 
organisations with more than 5000 staff members. Such 
diversity in profiles of the respondents may also allow 
looking for the potential influence of organisational size 
on individual's change in attitude towards innovation 
under environmental perturbation. In contrast to the 
diversity in profiles across some parameters, nearly 84% 
of the respondents (4.B) indicated that they are involved 
in innovation-related activities at their regular jobs.  
 Figures 4C and 4D show responses with regards to 
the respondents' organisation as well as their own 
approach towards innovation in usual circumstances.  

 
Figure 4: Respondents' profile related answers 
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For example, 14.3% respondents believed that their 
organisation would like to innovate under normal 
circumstances, but they are too busy with their routine 
jobs to pursue innovative activities. Similarly, 14.7% 
respondents indicated that they themselves would like to 
innovate, but they cannot do so actively because they are 
too busy in their routine activities and jobs. The  
responses indicate that the innovation-related needs of 
these actors are lower in their priority as compared to 
their immediate needs to fulfill the routine requirements. 
 Such patterns also suggest that the contextual factors 
often influence innovation-related behaviour. Further, 
besides looking at the overall patterns across the 266 
respondents, it is also possible to look at individual 
responses in detail, and qualitatively assess their response 
in connection to the contextual factors.   
 Figure 5 summarises the overall patterns in the 
change in innovation-related behaviour induced by the 
environmental perturbation- COVID 19. 47.7% 
respondents indicate that their innovation-related 
activities increased because of COVID 19 related 
disruptions. When asked about their colleagues and their 
organisation's response, 39.5% and 46.6% respondents 
believed, respectively, that their colleagues and 
organisations innovation-related activities increased. The 
corresponding decrease (+stopped) in innovation-related 
activities of respondents themselves, their colleagues and 
their organisations are 10.2(+4.9)%, 13.5(+4.9)%, and 
13.5(+5.6)% respectively.  

These responses validate the earlier findings that 
environmental perturbations alter innovation-related 
behaviours, but not always necessarily leading to an 
increase in innovation. Instead, there are a significant 
number of cases where environmental perturbation also 
reduces innovation-related activities.  
Figure 6 shows the responses to the reason of change on 
the innovation-related behaviours of the subjects 
changed. For instance, with regards to their behaviour, 
47.4(26.7+20.7)% respondents said that they did so 
because they thought it was the right thing to do and to 
help the society, while 31.2% said that their innovation-
related behaviour did not change. They rated the 
corresponding numbers for their colleagues at 
43.3(33.1+10.2)% and 30.8% respectively. The 
corresponding numbers for their organisations at 
50(41.7+8.3)% and 27.4% respectively. These patterns 
indicate high levels of a voluntary change in innovation-
related behaviour arising out of environmental 
perturbation. The results also show a significant number 
of cases where the management told the actors to change 
their innovation-related behaviour.  

Broadly, the survey results provide further empirical 
validation of the excitable innovation-behaviour model 
(Singh and Holmstrom 2015), demonstrating that this 
excitation is observable at both individual and 
organisations level. At the same time, these broad 
patterns also validate that the excitation can be positive 

(increase in innovation-behaviour) and negative (decrease 
in innovation behaviour).  

 
Figure 5: Trends in changes towards  innovation 

 
Figure 6: Patterns in reasons for changes in innovation-related 

activities 

 

 Even at the macro-level, the results indicate that 
contextual factors influence how actors respond to the 
environmental perturbations in terms of their innovation 
behaviour.  For instance, as seen in Figure 7A, while 
respondents in many countries reported both decreased 
and increased innovation-related activities due to the 
COVID 19 situation, there was no reported decrease in 
innovation-related activities in other countries. In the 
latter countries, either the innovation-related activities 
increased or remained the same as earlier. The collected 
data can be further analysed using similar filters for 
different factors. For example, showing how the patterns 
vary by the respondents' professional background (see 
Figure 7B) or by the type of organisation the respondent 
works for (see Figure 7C). The collected data also allows 
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Figure 7: Breakdown of responses according to (7A) countries, (7B) professional background and 

(7C) organization type 
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studying the influence of the organisational size or the 
respondents' years of experience.  
 In addition to the preliminary results from the survey 
data, the interviews conducted so far also validate the 
excitable innovation-behaviour model (Singh and 
Holmstrom 2015). For instance, interviewees remarked 
on how, in some cases, their organisation stopped 
innovation-related activities. In contrast, in other cases, 
they took the COVID 19 situation as an opportunity to 
either initiate innovation-related actions or leverage the 
contextual demand to successfully relaunch and innovate 
on a previously unsuccessful idea. Some interviewees 
also noted demand-driven innovation from the client's 
side, and the innovation-focused incentives created by the 
government and other agencies.  
 The interview discussions validated the excitable 
innovation behaviour model and also reiterated the 
importance of the three types of innovation-related needs, 
i.e., need for the innovation, the need to innovate, and the 
need for the diffusion of the innovation. Prima facie, the 
qualitative discussions suggest that the environmental 
perturbations force a rapid alignment of the need for 
innovation, the need to innovate, and the need for the 
diffusion of innovation, enabling faster innovation and 
innovation adoption cycle. That is, some of the interview 
discussions seem to suggest that in normal circumstances 
it often takes a long time for the alignment of the needs 
and priorities of the innovators, potential users, and those 
who see opportunity to benefit from the diffusion of 
innovation, e,g, funders and government agencies. In 
contrast, the crisis emerging from an environmental 
perturbation forces rapid alignment of the needs and 
priorities of the different actors, as the the crisis creates 
the immediate point(s) of attention.  
 The limitations of this study must also be noted. First, 
a majority of the respondents work in the area of BIM or 
digitialization, and hence, the survey sample is not a true 
representative of the construction industry as a whole. 
Similarly, the inequal geographical distribution in the 
number of responses must also be noted. Second, only 
preliminary results from the survey are presented, 
especially based on the overall patterns. Further insights 
can be gained with a closer inspection of the individual 
responses. Third, the findings from the interviews are 
based on preliminary notes. A systematic review of the 
interview data is yet to be conducted.  

CONCLUSIONS 

The empirical validation of the exitable innovation-
behaviour model can have significant impact on the 
management of innovation activities in the construction 
industry and organizations. First, it demonstrates that 
both individual as well as organizational attitude towards 
innovation can be altered through excitation and by 
changing the environmental conditions. Second, it 
demostrates the the environmental conditions as well as 
the network dependencies can not only foster innovation, 
but they may also inhibit or stop innovation activities. 

Third, it appears that the crisis resulting from the 
environmental perturbations force a rapid alignment of 
the needs and priorities of the different types of actors in 
the innovation ecosystem, namely, the innovators, the 
potential users of the innovation, and those who are likely 
to benefit from the diffusion of the innovation, such as 
the funders and government agencies. The increased 
innovation activities due to rapid alignment of the 
different types of needs and priorities of actors under 
perturbed conditions can have significant impact in how 
the systemic bottlenecks in innovation diffusion and 
adoption under normal circumstances are understood.  
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ABSTRACT 

Cost estimation relies on the correctness of the material 

QTO, but human inclusion and limitations of the 2D 

environment reduce the accuracy of QTO results. Hence, 

BIM-based QTO has been playing a prominent role in the 

construction industry. Nevertheless, the quality of BIM 

models affects the accuracy of quantities. Even the 

software features somehow hinder the quantification 

process. Therefore, this research proposes a framework 

for quantifying architectural cladding materials using 

visual programing for contractors. It is consequently 

verified that the accuracy of QTO results is significantly 

increased, and the benefits and limitations of the proposed 

strategy are discussed in detail. 

INTRODUCTION 

Cost estimation during the initial phase of a construction 

project traditionally relies on the experience of estimators 

and their assumptions based on the data of the previous 

projects having a similar scope of works (Jrade and 

Alkass, 2007). In later stages, cost calculation requires 

understanding the design details and differences between 

consecutive design revisions and their unexpected 

ramifications on the project budget (Lawrence et al., 

2014). Hence, specifications and, more importantly, 

construction drawings play a more critical role as the 

design develops since information on these documents 

increases in time and is subject to change. On the other 

hand, visualization and interpretation of 2D drawings take 

a significant amount of time to calculate labor, material, 

and equipment quantities for cost calculation (Shen and 

Issa, 2010). Thus, cost estimation becomes slower since 

the conventional quantity take-off (QTO) process gets 

iterative and ineffective due to time constraints and lags 

during design reviews and developments (Cheung et al., 

2012). In other words, human inclusion and time 

limitations are the main drawbacks of the traditional 

QTO, hindering the accuracy of cost estimations. 

In this regard, Building Information Modeling (BIM) 

is a good and rapidly advancing environment for 

increasing efficiency in terms of cost and time to design 

and manage construction projects in high quality (Ahn et 

al., 2016). However, sharing construction data with 

project stakeholders is crucial and difficult even with BIM 

because there are many different BIM tools with their 

distinctive data structure making interoperability 

unfeasible. BIM workflow, therefore, requires a neutral 

and open format, named Industry Foundation Classes 

(IFC) by buildingSMART, to share and exchange 

construction information in the building sector (Bonduel 

et al., 2018). In this case, the IFC standard is a conceptual 

data schema and an exchange file format for BIM data 

facilitating information sharing among various software 

to elevate the functionality of computer-aided design 

(CAD) for structural analysis, 4D planning, and 5D cost 

calculation (Pauwels and Terkaj, 2016). IFC can be 

effectively utilized for cost estimation and QTO since it is 

an open and transparent format. For example, Akanbi et 

al., (2020) developed a data-driven reverse engineering 

algorithm to obtain QTO using IFC geometric data. More 

specifically, BIM tools and IFC schema are significantly 

advantageous in material quantification in terms of 

automation, reducing human errors and process time 

while increasing the efficiency in the cost calculation. It 

is because BIM models include intelligent 3D building 

components that can be accessed in various formats to 

examine, group, and sort accurate material information 

when required (Masood et al., 2014). 

However, Sattineni and Bradford (2011) stated that 

time reduction and quality increase for cost estimation for 

the contractors could not be achieved only with BIM 

adoption since there are different departments for cost 

estimation and BIM in construction companies. It results 

in an uncoordinated process between estimation and BIM 

departments, which in reality should share the same 

project data and feed each other. Besides, contracts are 

generally signed before the design completion, and 

eventually, estimation is performed conceptually 

(Sattineni and Bradford, 2011). It causes BIM 

implementation left behind for the cost estimation 

process. There could also be an inconsistency in QTO due 

to the lack of measurement standards in software products 

(Abanda et al., 2017). Besides, the quality of BIM models 

hampers BIM-based QTO because of nonessential and 

missing building data and not correctly representing 

building elements in the design stage. Therefore, this 

study is structured to suggest a workflow for calculating 

the architectural quantities using a visual programing tool 

for contractors who generally suffer from having a 3D 
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model with insufficient modeling detail. It is important to 

note that even owners, designers, and contractors utilize 

internal ad-hoc frameworks and strategies for QTO per 

their specifications and situations and do not share their 

measurement standard but rather hide for competitive 

reasons (Monteiro and Martins, 2013). Hence, the lack of 

measurement standards should be investigated in further 

research. Here, this research addresses the difficulties of 

QTO extraction from BIM software apart from IFC 

implementation, Autodesk Revit, for the area-based 

compound elements such as floors, walls, and ceilings. 

Compound elements are challenging for QTO due to 

various material layers with different dimensions on the 

same model component (Khosakitchalert et al., 2019a). 

The designer models generally do not meet the needs of 

contractors and model layers do not arranged for material 

QTO. 

The proposed method includes some manual work to 

prepare the building data for the automated process. The 

research aims to link building data tabulated in a 

spreadsheet to a structural 3D model and classify the 

material quantities for each building room. Besides, 

architectural model components, including floors, walls, 

wall bases, and ceilings, are automatically generated for 

each room of the building. The overview of the data flow 

among software tools is shown in Figure 1. Accordingly, 

room data organized in a spreadsheet is imported to 

Autodesk Revit using the visual programing tool. 

Dynamo is automatically processing the room geometries 

and associate the extracted geometric information with 

room data. Calculated results are later exported to the 

spreadsheet again, and new building components are 

created for quantified elements. This approach facilitates 

using the structural BIM model with the externally stored 

room information by getting the room dimensions from 

the model and material types from a spreadsheet. 

Eventually, the contractor does not need to rely on the 

designer's model for QTO but instead modifies the 

structural model, which requires less time comparing the 

detailing of architectural models and obtains material 

quantities faster and more accurately. A four-story 

reinforced concrete (RC) building implementation is done 

as a case study, and floor, wall, wall bases, and ceiling 

quantities are checked in terms of accuracy. In the end, 

results are verified with the results obtained from a 

correctly modeled building. The following sections 

explain the background studies and details of the overall 

process. 

 
Figure 1: Data flow among software tools 

LITERATURE REVIEW 

BIM-based quantity take-off and its limitations 

BIM is mainly utilized in the construction industry for 

photorealistic renderings, virtual design reviews, analysis 

of different design options, building and construction 

operations, document management and production, bid 

package preparation, and cost estimation (Hartmann et al., 

2008). Hence, 3D information models are appropriate 

tools for design and construction management, and also 

implementing BIM tools and processes positively affects 

cost management due to increased productivity and 

manageability (Bryde et al., 2013). It is because geometric 

and non-geometric cost data is encapsulated and attached 

to BIM models reducing erroneous information and its 

misinterpretation while being automatically updatable 

(Ashcraft, 2008). Besides, BIM increases the 

effectiveness of bill of quantities (BQ) in construction 

projects since it improves the conventional error-prone 

process based on detailed 2D drawings and specifications 

(Nadeem et al., 2015). 

In general, cost estimation comprises the evaluation of 

various construction conditions, including challenging 

wall conditions and unique assemblies in the project 

affecting the project budget (Lawrence et al., 2014). 

Measurement and assessment of these conditions should 

be accurate and consistent for successful construction 

projects. However, the accuracy of cost and quantity data 

obtained from 3D models needs to be critically assessed 

because BIM-based QTO may not provide or miss the 

essential information for cost calculation due to modeling 

mistakes and approaches (Monteiro and Martins, 2014). 

At this point, the implementation of BIM in QTO and cost 

estimation is generally obstructed because of the cost and 

time requirements for detailed model development 

(Franco et al., 2015). This is because design teams usually 

cannot provide an accurate model that can be used for 

estimating purposes by the contractors, and the contractor 

needs to improve the model for estimation (Sattineni and 

Bradford, 2011). Hence, there is still a need to improve 

BIM-based QTO processes for the contractors so that they 

can benefit from models obtained from design teams to 

increase the accuracy of material quantification for the 

cost calculation process. 

BIM-based estimation for architectural components 

Architectural building elements are generally difficult to 

quantify in the BIM environment due to overlaps among 

different components such as floor and wall claddings and 

modeling limitations. Cheung et al. (2012) introduced a 

knowledge-based tool for early design cost estimation to 

assess the changes in building mass and types in Google 

SketchUp environment and update the quantities for 

walls, floors, doors, and windows simultaneously. 

Monteiro and Martins (2013) stated that the surface 

coatings, which require a delicate measurement process, 

can either be modeled for the same material QTO or 

surfaces of 3D structural elements can be utilized with a 
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presumed error margin. Accordingly, the former approach 

increases the model size significantly, while the latter 

results in a considerable amount of measurement errors 

requiring in-depth analysis (Monteiro and Martins, 2013). 

Liu et al. (2016) suggested a construction-oriented QTO 

framework specifically focusing on light-frame building 

construction with an ontology-based semantic approach 

to obtain the material quantities not explicitly modeled in 

Autodesk Revit. Kim et al. (2019) revealed the quantity 

discrepancies in interior materials, including masonry, 

wood, thermal and moisture protection, insulation, and 

finishes due to model representation and unnecessary 

modeling and provided suggestions for the BIM modeling 

process to reduce inconsistencies in material take-offs. 

Khosakitchalert et al. (2019a) developed a visual 

programing algorithm to extract surface area information 

by eliminating modeling mistakes for architectural wall 

and floor elements from erroneous models using the 

Autodesk Revit Dynamo tool. Khosakitchalert et al. 

(2019b) also suggested a wall framing quantification 

method for general and sub-contractors by enhancing the 

power of the visual programing tool Revit Dynamo. 

Khosakitchalert et al. (2020) later proposed a visual 

programing algorithm to automatically separate wall and 

floor elements into their layers and convert each layer to 

an individual model component so that material quantities 

for each wall and floor layer can be accurately obtained. 

Their study focuses on BIM models having architectural 

components and separation of those components for 

individual material quantification, but models without 

architectural elements should also be investigated with 

externally linked building data. It is important because the 

contractors need to get most out of 3D models they have 

during the construction. 

According to previous studies, there is still ongoing 

research to improve BIM-based QTO in terms of 

architectural elements, and visual programing tools are 

increasingly helpful and essential for more efficiency and 

automation in BIM-based estimations. Although previous 

studies address the most challenging architectural 

quantification problems, there are still some gaps to 

incorporate available building data existing in project 

documents with BIM models even the data is created 

using BIM. In particular, there is limited research 

focusing on integrating building data in spreadsheets and 

3D information models for material QTO using visual 

programing tools. Thus, this study presents a cluster of 

visual algorithms for general and sub-contractors so that 

they can integrate tabulated spreadsheet data with BIM 

models and use the geometry of buildings for accurate 

material estimations. Following the previous research, 

there are also problems in creating architectural 

components with different layers of materials in terms of 

the modeling effort. Hence, even though accuracy is the 

primary concern, this study also aims to automate the 

modeling of architectural components, especially floors, 

walls, wall bases, and ceilings, for an RC building having 

no architectural building component at the beginning. 

PROPOSED METHOD 

General contractors and sub-contractors are the main 

stakeholders in construction projects, and they need to 

have detailed and structured information regarding the 

project they execute. In an ideal case, where BIM is 

utilized from the beginning of the project with high-

quality standards, the contractors can reach the organized 

building data, specifically materials quantity, in 

information enriched 3D models. However, in general, 

BIM models contain limited information, and 

construction drawings and schedules may be manipulated 

in the 2D environment even if they are produced using 

BIM tools. Therefore, contractors face situations where 

they have some data on schedules and spreadsheets, and 

models provided by the design team, but they cannot 

benefit effectively from BIM. Therefore, this study 

proposes a framework to draw advantage from BIM 

model geometry and tabulated spreadsheet data using the 

visual programing tool Revit Dynamo. 

Firstly, the proposed method aims to calculate 

accurate surface area information for floor, wall, and 

ceiling materials and total length for wall base materials 

in a building room. The second goal is to create 3D model 

elements for these building components automatically. 

The method includes both manual and mostly automated 

processes, as shown in Figure 2. Processes inside the 

dashed rectangle include manual works, and Revit 

Dynamo automatically performs operations inside the 

bold rectangle. The manual part is about preparing and 

organizing building data, such as placing room elements 

into the BIM model, creating project parameters to store 

data, and sorting and grouping room information in a 

spreadsheet accordingly. The automated process includes 

transferring room data between spreadsheet and Autodesk 

Revit and manipulating building geometry to obtain 

correct surfaces and lines for floor, wall, wall base, and 

ceiling elements. 

According to Figure 2, the process commences with 

the room placement in the 3D model, and room data based 

on the room numbers assigned by Revit are 

simultaneously organized in a spreadsheet. Some project 

parameters, named base material height, ceiling area, 

material extension above the ceiling, and room number 

for doors, are also defined for the later stages. The base 

material height and material extension above the ceiling 

parameters are utilized to determine wall base offsets and 

wall heights. The room number for doors parameter is to 

distinguish which floor finish is required at door sills. This 

parameter is manually filled for each door element. The 

ceiling area parameter is created to automatically store the 

calculated area of ceiling materials for each room. 
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Figure 2: Workflow for material QTO and 3D modeling 

Highlighted parameters in Figure 3 are automatically 

populated with the room data in the spreadsheet. Revit 

Dynamo does these import operations, and it creates a 

dynamic and updatable link between Revit and MS Excel, 

meaning that whenever something changes in the 

spreadsheet, non-geometric room data also changes in the 

3D model. The Limit Offset parameter is utilized for 

ceiling elevation. Material Extension Above Ceiling and 

Base Material Height parameters are considered to locate 

top and bottom offsets for wall elements. Base, ceiling, 

wall, and floor finish parameters are associated with room 

surfaces for material quantification. Hence, Dynamo is 

also utilized to manage and manipulate building geometry 

to extract the surface area and length information and 

associate these geometric data with the finish parameters. 

Besides, new wall, floor, ceiling types are created for 3D 

model generation using the materials assigned for each 

room. For example, a floor family is created for the rooms 

with stone cladding using the previously imported floor 

finish name and thickness from the spreadsheet. The code 

takes one of the existing floor types and duplicates it for 

the new type with the required thickness. 

 

 
Figure 3: Room parameters manipulated in Autodesk Revit 

Figure 4 presents the primary operations inside Revit 

Dynamo. The process continues with the extraction of 

building geometry and filtering of individual room 

elements. Besides, room element geometries are exploded 

to obtain top surfaces and room perimeters. Top surfaces 

are used for ceiling calculation and modeling, while room 

perimeters are utilized for floor, wall, wall base 

calculation and modeling. 

For floors, room perimeters are directly converted to 

floor elements according to floor finish material 

previously assigned to rooms. The challenging activity is 

to get floor surfaces at door sills since room boundaries 

do not extend inside the door openings and underestimate 

floor material. Thus, door elements are filtered, and the 

bounding box, which encloses the door opening using the 

maximum and minimum point coordinates of the opening, 

for each door is extracted, then all surfaces of these boxes 

are eliminated except the bottom face. The boundary 

curve of the bottom surface is later converted to floor 

elements. The floor type for door sills is determined using 

the previously assigned room numbers for the doors 

parameter. Consequently, floor claddings for rooms and 

door sills are calculated and modeled. 

For the wall base calculation and modeling, the total 

length and area of the base are calculated after deducting 

door opening widths from the total room perimeter since 

there is no base material at door locations. Hence, door 

bounding boxes are extracted, and they are scaled to larger 

geometries at their original coordinates so that doors and 

room perimeters are intersected with each other. Later, 

overlapped parts of room perimeters with scaled bounding 

boxes are removed from the calculation, and then wall 

base material is located on the curves along the room 

perimeter. In the end, wall base length, area, and 3D 

model geometry are attained. 
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Figure 4: Framework for material QTO and 3D modeling 

Like floors, room perimeters obtained from the BIM 

model directly converted to wall elements. During the 

wall placement along with the rooms, previously created 

base material height and material extension above ceiling 

parameters for rooms are included in wall properties. 

Therefore, the base material is checked to determine base 

offset values for the wall elements. Moreover, doors and 

windows are grouped for each room, and width and height 

parameters are obtained for each window and door 

element. The area is then calculated for windows and 

doors, and these areas are deducted from the overall wall 

surface area. Eventually, wall material area and 3D wall 

models are obtained for each room of the building. 

For ceilings, room solid geometries are exploded into 

surfaces, and top faces are filtered. Perimeter curves of 

these surfaces are obtained, and they are shifted towards 

to center of the room by the thickness of wall cladding, 

considering the ceiling installation is to be done after wall 

cladding. New surfaces are generated by using new 

curves, and surface area is calculated. Since Revit 

Dynamo does not support ceiling creation, generic models 

are utilized to model ceilings. Surface area information 

for ceilings is saved in the previously created ceiling area 

parameter. 

Figure 5 shows the specific nodes integrated into 

visual scripts. The Room.Windows and the Room.Doors 

nodes are obtained from the clockwork package to group 

the windows and doors for each building room (figure 5a). 

The FamilyType.SetCompoundLayerWidth from the 

clockwork package is also integrated while creating new 

family types (figure 5b). This node is used to modify the 

material thicknesses in compound elements like walls and 

floors. The Level.ByName node from the wombat package 

is utilized at several locations to get the project levels 

using their names (figure 5c). Converting the ceiling 

surfaces to generic models is performed using the 

FamilyInstance.ByGeometry node from springs package 

library (figure 5d). Additionally, in-house nodes from 

Dynamo library like the Floor.ByOutlineTypeAndLevel 

and the Wall.ByCurveAndHeight nodes are utilized to 

place 3D floor and wall components (figure 5e and 5f). 

Figure 5g is to show strings searched in the spreadsheet 

and Revit model. These strings are only coded once, and 

they are precisely written the same in the spreadsheet, 

Revit, and Dynamo to prevent coding errors. 

 

 
Figure 5: Specific nodes integrated into visual scripts 

Furthermore, figure 6 presents some parts of visual 

codes. Bounding box generation for door elements to 

quantify and model the materials at door sills is shown in 

figure 6a, and the shifting room perimeter curve for 

ceilings and regenerating ceiling boundaries are 

illustrated in figure 6b. Figure 6c demonstrates some steps 

for filtering, grouping room data, and removing 

nonessential information from the lists. 

 

 
Figure 6: Some part of visual codes 

RESULTS AND DISCUSSIONS 

The proposed algorithm is tested on a hypothetical case 

study building created by the authors. The model is 

generated in Autodesk Revit 2021, and visual codes are 
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prepared in Revit Dynamo. Although the building data 

could be in any other format, it is assumed that room data 

is tabulated in MS Excel in this study. Figures 7a and 7b 

show the 3D model of the case study. It is a four-story RC 

building with a stair shaft at the center. The building does 

not have any architectural component at the beginning of 

the study, and only structural elements are modeled. For 

the verification of results, another project is created later, 

and all architectural elements are manually modeled 

according to the same data used in visual scripts. Hence, 

figure 7 is the combination of manually created structural 

and architectural models. Figures 7d, 7e, and 7f point out 

specific details like door sill, wall base, and window 

opening. Dimension “A” shown in figure 7e represents 

the previously mentioned material extension above the 

ceiling. Similarly, dimension “B” indicated in figure 7d 

stands for the wall base height. 

 

 

Figure 7: Sample 3D view of case model and some details 

In general, this study investigates the material QTO for 

architectural floors, wall bases, walls, and ceilings in 

terms of accuracy using the visual programing tool. The 

concept is to integrate 3D models and spreadsheet data 

dynamically and automatically to reduce human inclusion 

in the takeoff process, thereby increasing QTO accuracy. 

Comparison between Revit takeoff and Dynamo takeoff 

with proposed strategy is tabulated in table 1. The 

comparison is made between the manually and 

automatically detailed models. Table 1 shows that floor 

and ceiling quantities extracted from Revit using software 

features are similar to those obtained from Dynamo. 

However, wall base and wall takeoff results differ from 

each other. The reason is examined, and it is observed that 

some wall bases and wall heights are not correctly created 

in the manually detailed model. Hence, material quantities 

deviate from each other. When the manually generated 

model is corrected, quantities for walls and wall bases 

obtained from Revit also match Dynamo results. 

Table 1: Result comparison for material QTO 

Building 

Component 

Revit Takeoff 

(m2) 

Dynamo Takeoff 

(m2) 

Floor 1146.11 1146.11 

Wall Base 69.98 71.24 

Wall 3093.32 3072.36 

Ceiling 1126.47 1126.47 

 

Other than quantification, the visual script is also utilized 

for creating 3D architectural elements. Even though 

floors, walls, wall bases, and ceilings are generated with 

Dynamo, there are some problems in the modeling 

process (figure 8). For example, floors and walls are 

generated using the ready families in Revit, but ceiling 

components could not be modeled with ceiling families 

due to software limitations. Hence, ceiling elements are 

modeled with generic components. Besides, walls are 

created with the correct height and length, but the window 

and door openings could not be created automatically 

(figure 8b). To do so, newly created walls should be 

manually joined with the original 3D model walls. Lastly, 

wall bases cannot be placed in correct locations such that 

half of the cross-section interferes with the original 3D 

wall element (figure 8c). 

 

 

Figure 8: Automatically modeled BIM components 
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It is verified that the proposed framework facilitates 

material quantification for architectural floors, walls, wall 

bases, and ceilings. Moreover, 3D model elements are 

generated, and model development processes are 

facilitated using visual programing. Compared to 

previous studies stated in the literature review section, this 

study suggests a framework for contractors to use 

spreadsheet data, and 3D model geometry effectively. 

Previous studies are focusing on the extraction of 

information only from building information models. 

However, contractors might need additional information 

from other sources, and they might need to link 3D 

models and their spreadsheets using visual programing 

tools. For example, information related to government 

agencies or vendors' prices might be needed to link to 3D 

models and be used in conjunction with QTO results from 

BIM. 

Even though the framework is appropriately applied 

in this study, it needs further improvement. For example, 

all wall surfaces in a room only take one type of wall 

finish and wall base material. It is considered that building 

orientation according to project north direction can be 

implemented in visual scripts to distinguish materials on 

east, west, south, and north walls of a building room. 

Moreover, this study can also be performed using other 

visual programing tools such as Rhino Grasshopper to 

evaluate the performance of visual programing platforms 

in quantification. 

CONCLUSIONS 

Contractors are responsible for executing construction 

projects within a limited time and budget. Thus, cost 

management paves the way for the successful completion 

of projects. Since quantity take-off (QTO) comprises a 

considerable amount of cost estimation activities, this 

paper describes a visual programing approach to calculate 

quantities for architectural building components for the 

benefit of contractors. Hence, the accuracy of material 

QTO obtained from Revit and Dynamo are compared 

based on a four-story RC case building. Results extracted 

with automated strategy are accurate for the case study, 

and 3D architectural model elements are also generated 

automatically with minor problems. Even though human 

inclusion still exists while organizing building data, this 

study reduces human inclusion using 3D model geometry, 

so the dimensions are automatically extracted with Revit 

Dynamo, and it increased accuracy. In future studies, this 

strategy should be tested with a real complex building 

with actual building data. The limitations like preparing 

room spreadsheets manually and adding parameters for 

doors to determine materials at door sills can be organized 

using artificial intelligence or machine learning 

techniques to reduce human inclusion. This industry 

problem should definitely be investigated with open-

source format IFC to prevent vendor dependency for a 

standardized approach. For example, IFC models 

extracted from other BIM tools with required IFC 

attributes can be investigated by linking into another 

software, and IFC schema can be explored with visual 

programming tools like Dynamo and Rhino Grasshopper 

or with an IFC viewer enabling code implementation. 
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ABSTRACT 

Literature discussion on BIM benefits and barriers for 

micro, small, and medium-sized enterprises is lacking. 

Testing the independence of statistic for nominal 

variables as such requires application of statistical 

techniques including Fisher’s Exact Test, and Factor 

Analysis. The nominal variables were tested across 14 

variables as operational definitions for benefits, and six 

variables were selected as operational definitions for 

concept of barriers. After factor analysis, four 

components related to benefits and two for barriers 

showed the highest significant association. The four 

benefits factors influencing digitalization are operation, 

marketability, productivity, and information-exchange. 

The two barriers are lack of professionalism and know-

how. 

INTRODUCTION 

Digitalization and BIM implementation is a beneficial 

resolution for some construction companies, which helps 

them with integration of design, construction, and 

operations in a sustainable way. However, for some 

enterprises, in particular the micro, small, and medium-

sized enterprises (MSMEs), it still may be viewed as a big 

challenge due to high costs, uncertainty, and its other 

concomitant factors. The important aspect is to 

understand what type of firms have a negative attitude 

towards digitalization and whether the size of a company, 

and BIM benefit and barriers are determining elements 

that effect the firm owners’ decision-making process 

towards digitalization. MSMEs are normally defined 

based on their employee size (Li et al., 2019; Lam et al., 

2017), therefore, it is crucial to understand if there exists 

a relationship between company size and BIM benefits, 

and which BIM benefits are defined within that 

relationship.  

Lack of digitalization also stems from lack of research 

in this area for MSMEs (Hosseini et al., 2016; Li et al., 

2019). It is imperative for micro companies to understand 

the benefits and barriers of BIM implementation to be 

able to make informed and logical decisions in its 

adaptation (Lam et al., 2017). Li et al. (2019) argues for 

the importance of understanding the factors delaying BIM 

implementation to find a strategic solution to this 

problem.  

It is not an easy task to cut off the circle of 

underdevelopment, however; a strategic partnership with 

appropriate partners and suppliers for instance, may solve 

this problem. In partnerships where digital resources are 

shared, construction contractors could benefit from better 

project performance, more competitive advantage, and 

minimized overall project risks (Aghimien et al., 2020).  

As mentioned, there is an evident gap in research on 

digitalization and BIM implementation for MSMEs and 

whether BIM utilization impacts strategic relationships 

among stakeholders. To bridge this gap and contribute to 

the body of knowledge, this paper will examine the 

benefits and challenges of BIM implementation, rank the 

top benefits and challenges, group up the underlying 

factors in terms of common components, and relationship 

between firm size, strategic partnership, and BIM benefits 

will be analyzed to provide a road map in decision-

making process for MSMEs. 

BACKGROUND 

BIM benefits and challenges are one of the subjects 

discussed frequently in AEC literature. Yan and Damian 

(2008) found six benefits rated by 67 US and UK 

respondents from 1 to 8 including creativity (3), 

sustainability (4), quality improvement (4), human 

resource reduction (6), cost reduction (5), and time 

reduction (7). They report that 40% of US and 20% of UK 

respondents mentioned that huge allocation of time and 

human resources for BIM training process was the most 

important barrier to application of BIM.  

Latiffi et al. (2013) argued that the benefits of BIM 

implementation in construction industry are associated to 

five central points including design, scheduling, 

documentation, budget, and communication. 

Mutonyi and Cloete (2018) found 13 benefits for BIM 

implementation regarding construction industry in Kenya 

as follows: rework reduction during construction, 

productivity maximization, clash detection, 

conflict/changes reduction, visualization improvement, 

collaboration and communication enhancement, 

improvement in project documentation, design review 

enhancement, quality improvement, faster and more 
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effective method, time reduction, contingency reduction, 

and cost reduction. 

In terms of BIM barriers, Mutonyi and Cloete (2018) 

discuss two kinds of technological and process related 

including: construction professionals do not enjoy any 

support and incentive from construction policy makers to 

use BIM, lack of standards and codes for BIM application, 

lack of BIM awareness, lack of client demand, lack of 

BIM specialist in the whole region, radical change in 

workflow as BIM requirement, high cost, too many legal 

barriers, lacking due to exchange and interoperability, 

inadequate research and development in BIM application, 

lack of IT infrastructure for BIM implementation. 

Doumbouya et al. (2016) cited several BIM benefits 

in terms of design quality improvement, easy to 

implement, capability in sharing information, cost 

reduction and design error reduction, time shortening, 

faster work, energy efficiency enhancement, construction 

and project management support, and more efficiency in 

operation of building life for owners. 

In short, one may find so many advantages in favor of 

BIM for construction industry in literature such as better 

site utilization (Deshpande and Whitman, 2014), 

effectiveness and accuracy of documentation and 

helpfulness in operation, maintenance, replacement and 

repair decision-making (Kjarstandottir et al., 2017), 

energy efficiency enhancement and better feasibility, 

effective storage and procurement management (Eastman 

et al., 2011), site congestion reduction , safety 

improvement, and sustainable design (Khosrowshahi, 

2017), and last but not the least, better maintenance 

scheduling and easy information access (Enshassi et al., 

2018). 

Regarding challenges, drawbacks, and barriers of 

BIM, one may mention complexity of BIM models, and 

BIM implementation lack of contractual requirement 

(Ahmed et al., 2014), lack of demand from contractors’ 
side, lack of BIM awareness, contractors’ lack of demand, 
lack of awareness to BIM benefits (Gerges et al., 2017), 

doubt on return of investment and lack of standardized 

tools and protocols, also; lack of BIM specialists and 

experts (McAuley et al., 2017), interoperability between 

software programs and issues in data ownership, 

inadequate BIM usage training (Park and KIM, 2017), 

lack of awareness to BIM benefits (Latiffi et al., 2016), 

client lack of interest, also; resistance to change 

construction culture (Sahil, 2016), top management lack 

of support, also, resistance to change construction culture 

(Ganah and John, 2015), high cost (Ismail et al., 2017), 

lack of sub-contractor’s interest to use BIM (Hosseini et 
al., 2016), insufficient government support (Enshassi et 

al., 2016). Further, Okakpu et al. (2020) and Khoshfetrat 

et al. (2020) examined the challenges of BIM in terms of 

risk factors for implementation. The former concluded 

that socio-cultural, financial, technical, skill set, and 

contractual risks are the most important factors, and the 

latter found that lack of BIM comprehension, software 

training, and BIM skilled architects and engineers along 

with resistance to change are among the key risk elements. 

METHODOLOGY 

The research goal in this study is to learn the effects of 

construction firm’s size on becoming digitalized and its 
concomitant benefits and challenges for BIM 

implementation. A survey design was developed based 

upon a structured online questionnaire accordingly. 

Several questions and responses were extracted for this 

paper as secondary data. The sample size of 70 included 

11 contractors, 12 designers, 1 supplier, 6 owners, and 3 

consultants from Italy and Brazil as well as 2 with no 

response. All the Columbian respondents left this 

question blank. There were 23 respondents from micro 

firms with 1 to 9 employees, 26 from small size firms with 

10 to 50 employees, 10 from medium size firms having 

between 51 to 100 employees, 9 from large firms with 

over 100 employees, and 2 as no response. The most 

important benefits and barriers of BIM were ranked using 

a descriptive analysis via mean values. Based on literature 

review, fourteen variables for concept of benefits and six 

variables for concept of barriers were factor analyzed 

through SPSS to determine the main factors and to build 

up new components or constructs based on their 

correlations. The fourteen selected variables for BIM 

benefits are as follows: processes control, information 

storage, information transparency, bureaucracy reduction, 

supply chain responsiveness, cost efficiency, 

stakeholder’s management, material management, quality 
control, time efficiency, higher output quality, 

information exchange, data standardization, and strong 

competitiveness. For the second concept as barriers, six 

variables include inadequate skills, inadequate 

organizational structure, usage complexity, financial 

resources, interoperability ICT and interoperability sub-

contractors. Both groups of variables were factor analyzed 

and four factors of benefit-oriented were formed and two 

factors were created for barriers. Independence testing 

techniques between variables/groups were conducted 

using Chi-Square Independence Test and Fisher’s Exact 
Test to examine these categorical variables: 1. Size of the 

firm, 2. BIM benefits, 3. BIM barriers, and 4. Strategic 

partnership. These analyses were performed to determine 

if there is any relationship between firm size, BIM barriers 

and benefits, and strategic partnership among contractors. 

DISCUSSION 

Table 1 shows the descriptive statistics for BIM benefits. 

According to the findings, the top four benefits are 

supply-chain responsiveness, bureaucracy reduction, 

stakeholder management, and information transparency 

with respective mean values of 1.75, 1.72, 1.64, and 1.61 

accordingly. Based upon variables’ mean scores, time 
efficiency is the least beneficial variable with mean equal 

to 1.14 among these 14 variables, and process control with 

the mean value equal to 1.24 is a little higher than time 

efficiency. However, all these 14 variables considered 
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valuable and beneficial for BIM implementation in 

construction industry according to respondents. 

 
Table 1: Descriptive Statistics for BIM Implementation 

Benefits 

Descriptive Statistics BIM Benefits 

 BIM Benefits N 

Mini-

mum 

Maxi-

mum Mean 

Std. Devi-

ation 

Process Control 70 1.00 3.00 1.2429 .52297 

Information Stor-

age 

70 1.00 3.00 1.4857 .58341 

Information 

Transparency 

70 1.00 3.00 1.6143 .57213 

Bureaucracy Re-

duction 

70 1.00 3.00 1.7286 .53626 

Supply Chain Re-

sponsiveness 

70 1.00 3.00 1.7571 .52297 

Cost Efficiency 70 1.00 3.00 1.4429 .58075 

Stakeholder Man-

agement 

70 1.00 3.00 1.6429 .56558 

Material Manage-

ment 

70 1.00 3.00 1.5714 .57914 

Quality Control 70 1.00 3.00 1.5286 .58288 

Time Efficiency 70 1.00 2.00 1.1429 .35245 

Higher Output 

Quality 

70 1.00 2.00 1.3286 .47309 

Information Ex-

change 

70 1.00 2.00 1.3857 .49028 

Data Standardiza-

tion 

70 1.00 2.00 1.4571 .50176 

Strong Competi-

tiveness 

70 1.00 2.00 1.4286 .49844 

Valid N (listwise) 70     

 

Table 2 shows the top two BIM barriers according to 

highest mean values.  

 
Table 2: Top BIM Barriers  

Descriptive Statistics BIM Barriers 

 BIM Barriers N 

Mini-

mum 

Maxi-

mum Mean 

Std. De-

viation 

Inadequate 

Skills 

70 1.00 3.00 1.4286 .55355 

Inadequate Or-

ganization 

Structure 

70 1.00 3.00 1.4571 .55653 

Usage Com-

plexity 

70 1.00 3.00 1.4286 .55355 

Financial 70 1.00 3.00 1.7714 .48668 

Interoperability 

ICT 

70 1.00 3.00 1.5857 .55149 

Interoperability 

Subcontractors 

70 1.00 3.00 1.4571 .55653 

Valid N (list-

wise) 

70 
    

 

With mean values of 1.77 and 1.58, financial and 

interoperability with ICT were ranked as the top two 

barriers for BIM implementation, while all five variables 

were viewed by respondents as challenges or 

impediments to BIM implementation.  

Further, to determine and group up the number of factors 

within the two research major concepts, namely, BIM 

implementation benefits and challenges were factor 

analyzed both at Eigenvalue 1 across several items or 

variables. These items could be considered as 

operationalized definitions for those two concepts of BIM 

benefits and BIM barriers, which consisted of 14 and 2 

variables, respectively.  

The factor analysis has created four factors or components 

out of these fourteen variables to explain the BIM 

implementation benefits. According to table 3, “Total 
Variance Explained”, the first component may explain 
more than 32% of the variability, the second component 

shows more than 11%, the third has more than 9%, and 

the last component has more than 7%, respectively and all 

together, the variation of the BIM benefits may be 

explained as almost 61% by means of these four 

components. Although other variables may have certain 

effects on variation of benefits, as the factor loadings of 

these first four items show, they have the highest effect on 

this variability explanation. Further, the Component 

Matrix, shown in table 4, indicates the internal correlation 

of each factor. For the first factor, the first three items 

have the strongest correlation (more than 0.7) and the last 

three variables have a low correlation (0.3) with the 

component. Based on this fact, the component may be 

called operations, since it includes “quality control”, 
“bureaucracy reduction”, and “process control”, which 
are part of operating activities. The second component 

seems more of a market related activity with items 

including: “strong competitiveness” with 0.814 
correlation coefficient, “time efficiency”, and “higher 
output quality” each having more than 0.5 correlation 
coefficients. Therefore, this component could be called 

marketability. The third factor may be called production 
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for having two positive correlations with information 

exchange (r=0.625) and time efficiency (r=0.432) and one 

negative correlation with higher output quality (r= -

0.614). Finally, the last component may be named 

information sharing, which consists of variables such as 

data standardization (r = 0.712), information transparency 

(r = 0.348), information exchange (r = 0.320), with having 

negative correlations with both cost and time efficeincy. 

This negative correlation implies that the more reduction 

in cost and time, the less information is being shared and 

probably regarded as production secrets. 

 

 

 
Table 3: Total Variance Explained for BIM Benefits 

Total Variance Explained 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 4.604 32.884 32.884 4.604 32.884 32.884 4.036 28.831 28.831 

2 1.568 11.201 44.085 1.568 11.201 44.085 1.660 11.859 40.689 

3 1.275 9.104 53.189 1.275 9.104 53.189 1.431 10.225 50.914 

4 1.091 7.789 60.979 1.091 7.789 60.979 1.409 10.065 60.979 

5 .981 7.007 67.986       

6 .863 6.162 74.148       

7 .707 5.052 79.200       

8 .630 4.501 83.701       

9 .581 4.149 87.850       

10 .503 3.592 91.442       

11 .382 2.730 94.171       

12 .354 2.525 96.697       

13 .260 1.857 98.554       

14 .202 1.446 100.000       

Extraction Method: Principal Component Analysis. 

Page 240 of 438



 

 Table 4 – Component Matrix for BIM Benefits 

Component Matrixa BIM Benefits 

BIM Benefits 

Component 

  1    2    3  4 

Process Control .721    

Information Storage .612    

Information Transparency .581    .348 

Bureaucracy Reduction .721    

Supply Chain Responsiveness .667 -.347   

Cost Efficiency .697   -.365 

Stakeholder Management .642    

Material Management .690    

Quality Control .741    

Time Efficiency .316 .554 -.432 -.334 

Higher Output Quality  .524 -.614  

Information Exchange .350   .625 .320 

Data Standardization .353   .712 

Strong Competitiveness  .814   

Extraction Method: Principal Component Analysis. 

a. 4 components extracted. 

 

The next part of research findings and analysis looks at 

challenges of BIM implementation among construction 

firms. There are two main components or factors 

comprising barriers to BIM application out of six variables 

shown in table 5. The first component consists of 

inadequate skills, interoperability with ICT, and 

interoperability with subcontractors, all being problematic 

with correlation coefficients above 0.7. Interoperability 

referes to the ability of computer systems or a particular 

software to share and exchange information, which in this 

case is internaly within the company and externally with 

other stakeholders. This component could be called lack of 

professionalism amongst parties involved. The second 

component is complexity of usage, which shows the 

highest correlation coefficient of 0.968. It seems like a sort 

of communality effect of one or more variables on 

“complexity of usage” variable and consequently, the 
communality effect happens when one or more variables 

affect the third variable to indicate high correlation in the 

equation. Therefore, this component is called lack of 

technical know-how among involved parties. Further, in 

this realm, the least correlation belongs to inadequate 

organizational structure (r =0.488). According to “Total 
Variance Explained” shown in table 6, around 60% of 

barriers variation (cumulative percentage) may be 

explained by these two factors. The minimum Eigenvalue 

is 1 as seen in Scree plot 2. The factor loading for each 

component is high especially for component 2, which as 

mentioned is 0.980. (see table 8 - Component Matrix ). By 

rotating this Matrix, high correlation among variables is 

encountered.  

 
Table 5: Component Matrix for BIM Barriers 

Component Matrixa 

BIM Barriers 

     Component 

1 2 

Inadequate Skills .780  

Inadequate Organization Structure .685  

Usage Complexity  .980 

Financial .641  

Interoperability ICT .738  

Interoperability Subcontractors .711  

Extraction Method: Principal Component Analysis. 

a. 2 components extracted. 

 

 

Table 6 – Total Variance for BIM Barriers 

Total Variance Explained 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 2.546 42.425 42.425 2.546 42.425 42.425 2.540 42.326 42.326 

2 1.027 17.114 59.539 1.027 17.114 59.539 1.033 17.213 59.539 

3 .872 14.526 74.065       

4 .704 11.728 85.793       

5 .538 8.963 94.756       

6 .315 5.244 100.000       

Extraction Method: Principal Component Analysis. 
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The next step was performed to understand the 

relationship and association between firm size, BIM 

benefits, and strategic partnership among firms. Fisher’s 
Exacts Test based on Chi-Square Independence Test was 

conducted based on the following hypotheses: 

H0 = There is no association between firm size and BIM 

benefits. 

H1 = There is an association between firm size and BIM 

benefits. 

H0 = There is no association between strategic partnership 

and BIM benefits. 

H1 = There is an association between strategic partnership 

and BIM benefits. 

Out of all the fourteen BIM benefits, only data 

standardization and stakeholder management had a p-

value < 0.05. Therefore, the null hypothesis regarding all 

other variables can be rejected, and it is confirmed that 

there is a relationship between firm size and stakeholder 

management and data standardization. The value of  

Fisher’s Exact Test statistic is 14.815, this would result in 

a P-value of 0.025, which is less than given an alpha level 

of 0.05. This implies that the null-hypothesis could be 

rejected, which states there is no relationship between two 

variables, firm size and BIM benefits and the alternative 

hypothesis accepted, which confirms that there is a 

relationship between two variables i.e., firm size and 

stakeholder management. In other words, the association 

between two nominal variables is significant.  

Further, the Pearson Chi-Square Test statistic is less than 

the critical value, that is: 13.60 < 15.51. This happens 

because, 10 cells have expected count less than 5 and 

minimum requirements for each cell frequency is 5.  

Regarding the second variable, which is a relationship 

between firm size and data standardization, again the 

value for Fisher’s Exact Test statistic is equal to 14.149. 
This independence value results into the P-vale equal to 

.004, which again is less than the critical p-value of 0.05. 

This is the same as above through which null-hypothesis 

is rejected and alternative hypothesis is accepted, which 

states there is an association between firm size and data 

standardization.  

Further, since the number of cells counts that have less 

frequency than 5 is only 4 cells, the Pearson Chi-Square 

Test statistic obtained is larger than the critical value. That 

is when degree of freedom is 4, and given that alpha level 

for example is 0.05, the critical value is 9.49. Thus: 13.60 

> 5.51 

Namely, this confirms that null- hypothesis can be 

rejected and alternative hypothesis accepted, which is an 

indication of significant association between firm size and 

data standardization. 

Same procedure was performed for strategic partnership 

and BIM benefits. Out of all the BIM benefits, only 

bureaucracy reduction and stakeholder management had a 

p-value < 0.05. Therefore, the null hypothesis regarding 

all other variables can be rejected, and it is confirmed that 

there is a relationship between strategic partnership and 

stakeholder management and bureaucracy reduction. 

CONCLUSION 

This study’s main contribution to the body of knowledge 
lies within its investigation of BIM implementation in the 

context of micros, small and medium-sized enterprises 

and what aspects of BIM in terms of benefits and 

challenges impact the MSMEs the most. The 

digitalization process contains both benefits and 

challenges for micro, small, medium enterprises in 

construction industry. Since both concepts of benefits and 

barriers are abstract, certain variables were envisioned for 

both and in terms of several proper statistical techniques 

including Fisher’s Exact Test, Pearson Chi-square Test of 

Independence, and Factor Analysis. Their association was 

tested against 14 variables regarding BIM implementation 

benefits and across six variables regarding BIM 

implementation challenges. The most important benefits 

for MSMEs were supply-chain responsiveness and 

bureaucracy reduction, and financial and interoperability 

with ICT were ranked as the top two barriers. The general 

hypothesis was association between firm size, strategic 

partnership, and benefits of BIM implementation. This 

association between firm size and BIM benefits was tested 

and found to be significant only for data standardization 

and stakeholders’ management. In case of strategic 
partnership and BIM benefits, the association was found 

to be positive for bureaucracy reduction and stakeholder 

management. For the first concept, ‘Benefits’, four 
components were formed and called as ‘operation’, 
‘marketability’, ‘productivity’, and ‘information 
exchange’. The second concept of ‘Barriers’ had two 
components called, ‘lack of professionalism’ and ‘lack of 
BIM know-how’ of parties involved.  

Some of the limitations included the translation of the 

questionnaire into several languages that caused some 

challenges for this study. Since, this was a cross-cultural 

study, precision in transferring the concepts into other 

languages was a primary factor in measuring the same 

measures and concepts. Unfortunately, this accuracy may 

not have been precise and as a result, it did not turn into a 

unified and straightforward questionnaire across the 

board. This may cause the validity and reliability of 

measurement in this study to be less precise. There were 

also cases or questions that were ignored by some 

countries while other participating countries might have 

responded to some questions reluctantly. Annual 

turnover, for instance, is overwhelmingly neglected by 

both Brazilian and Columbian respondents and 

Columbian repondents completely igonred the question 

regarding their profession, i.e., contractors, owner, 

subcontractor, etc.  

For future studies, it is recommended that direct 

dependencies among factors and indicators of digital 

technology be investigated through multivariate analysis 

such as ANOVA as well as structural equation modleing 

(SEM). In addition, implementation of other digital tools, 
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ership among firms. Fisher’s 

Fisher’s Exact Test statistic i

value for Fisher’s Exact Test statistic is equal to 14.149. 

This study’s main contribution to the body of knowledge 

including Fisher’

and stakeholders’ management. In case of strategic 

t concept, ‘Benefits’, four 
components were formed and called as ‘operation’, 
‘marketability’, ‘productivity’, and ‘information 
exchange’. The second concept of ‘Barriers’ had two 
components called, ‘lack of professionalism’ and ‘lack of 

how’ of p

besides BIM, should be also studied in connection with 

digital business models for micro, snmall and medium-

sized enterprises.  
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ABSTRACT 

This paper describes a CityGML Building 

Interpolation tool (CityBIT) for the creation of user-

defined and interpolated building models for planned 

and/or existing buildings. A brief explanation of the tool’s 
functionalities and the methodologies adapted to develop 

the tool are explained in this paper. The CityBIT aims to 

help urban planners and simulation scientists to facilitate 

CityGML model developments for energy performance 

simulations.  

INTRODUCTION 

Urban areas have proved to be one of the largest 

energy consumers and emitters of greenhouse gases in the 

world (Masanet, et al. 2016). However, these areas also 

offer a large potential for energy efficiency improvement 

and greenhouse gases mitigation (Sola, et al. 2018). 

Facilitating the flexibility in the domain of building 

simulation, CityBIT will enable urban planners, 

architects, energy companies and simulation scientists to 

create CityGML building models for urban scale energy 

simulations.  

Energy Performance Simulations can be complex, 

intensive and require high computational resources and 

efforts. For the past 50 years, a wide variety of building 

energy simulation programs have been developed, 

enhanced and are in use throughout the building and urban 

energy community (Crawley, et al. 2008). Energy 

simulation tools are increasingly being used for analysis 

of energy performance of buildings or districts and for the 

thermal comfort of their occupants (Malle, et al. 2007). 

Moreover, simulation-based methods are being applied by 

the urban planners, architects as well as the building 

simulation research community. However, in order to 

compute the energetic performance of the buildings, 3D 

geometrical data models do serve as an important entity 

in the simulation domain (Tian, 2018). Therefore, keeping 

in consideration the geometrical aspects of buildings, the 

City Geographical Markup Language (CityGML) 

(Gröger, et al. 2012), an open XML based modeling 

language, is the basis for the development of the 

CityGML Building Interpolation Tool (CityBIT).  

CityGML was developed to model virtual 3D 

buildings at an urban scale. Based on the amount of 

information present in a model, CityGML datasets are 

available in five Levels of Detail (LoD) (in Table 1).  

Table 1: The five Levels of Detail (LoD) in CityGML.  

Information retrieved from (Malhotra, et al. 2019) 

The 3D models can be used to store and exchange 

semantic and topological information of individual 

buildings at a city scale. The CityGML core is intended to 

be an application-independent geographical information 

model (Agugiaro, et al. 2018). Based on individual 

applications, however, CityGML data models can be 

extended using the Application Domain Extension (ADE) 

mechanism (Gröger, et al. 2012). For energy related 

applications, the Energy ADE (Agugiaro, et al. 2018) was 

developed for simulations as well as dissemination of the 

energy-enriched CityGML data models. Similar to the 

modular structure of the CityGML, the Energy ADE 
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extends the building models with information related to 

building physics, occupancy, energy systems, 

construction materials, and time series data. Moreover, 

along with the application of extending CityGML data 

classes with energy related properties of the buildings, the 

Energy ADE also makes it possible to divide the buildings 

internally into multiple thermal zones. 

The availability of 3D building models has been 

increasing in the last few years (Coors, et al. 2020). 

CityGML LoD1-2 datasets are also available for some 

countries, states and cities (Malhotra, et al. 2020). 

However, there is still a lack of open source information 

for many city districts which would be beneficial for the 

industrial and research community. In order to bridge the 

gap between the availability of data models and its 

application, the authors present the “CityBIT” in this 
research paper. 

It is structured as follows: The “Methodology” section 

highlights the algorithms that are developed to create new 

CityGML models; the “Implementation” chapter gives a 

short overview of a test case that has been developed for 

demonstration along with user friendly GUI of the tool. 

This is followed by the “Conclusion” section. 

METHODOLOGY 

Virtual 3D data models can be generated by different 

methods such as aerial photography, airborne laser 

scanning or by using the digital cadastral data combined 

with building information (Nouvel, et al. 2015). Using 

these methods, CityGML data models for districts can be 

generated automatically. However, for the research 

community, some of these techniques are expensive and 

depending on the country might also require a lot of 

governmental approvals. Moreover, for the simulation 

community and architectural companies, it is also 

important to analyse the energetic performance of a 

district during its planning phases. This implies that an 

analysis should be carried out long before the buildings 

are actually built. Data enrichment environments such as 

TEASER (Remmen, et al. 2017) and SimStadt (Coors, et 

al. 2014) and general simulation environments such as 

EnergyPlus (NREL, 2019) and TRNSYS (Palme & 

Salvati, 2018) do facilitate energy simulation with the 

input functionality of CityGML data models. However, 

before a building is constructed, in many cases, the 

CityGML building models are not available. Therefore, it 

is important to bridge the gap between the modelling of 

the individual districts and their energy performance 

simulations by developing open methods to create 

building and district models. 

Furthermore, for retrofitting scenarios, energy 

demands are calculated to achieve an efficient retrofit. 

The demand based simulations can be carried out using 

different simulation environments making the input 

building model to serve as an important entity. Detailed 

building models do also exist in formats such as IFC (IFC 

Web Server, 2018), Shape files (ESRI 1998), etc. Some 

tools/techniques such as FME (Safe Software, 2020) or 

CityGML Builder (Virtual City Systems 2019) do 

facilitate the transformation of one format to another, 

however, the transformation software, environments or 

system configurations are not openly available to the 

community, and, thereby, restricting the usage for many 

research and development-based studies. 

Although, openly accessible city-wide 3D geometrical 

data is updated on a yearly basis, there exists 

discrepancies within the city models for each year. One 

such example can be found in Figure 1, where a city 

quarter in a German city is shown based on the data 

modeled in the years 2016 (top), 2018 (middle) and 2019 

(bottom). As the dataset from 2017 was not available, it is 

not included in this analysis. Even though the datasets in 

Figure 1 look quite similar on a 2D visualization, the 

number of buildings and building parts do differ for each 

year.  

 

 

 

 

Figure 1: The urban area visualization for the years 2016 (Top), 

2018 (Middle), and 2019 (Bottom). The visualization of the 

different CityGML datasets was performed using the FZK 

Viewer (IAI/KIT, 2019) 
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Analysing the previously considered dataset, the 

authors also examined the city quarter physically 

comparing to the building models in the CityGML 

dataset. Based on the investigations, the authors 

concluded that though some buildings were modeled 

incorrectly, some others did not even exist in the dataset. 

Due to data security policies in different countries, the 

exact number of previously mentioned incorrectly 

modeled buildings, their addresses and coordinates are not 

included in this paper. 

Table 2 gives an overview of the analysis of CityGML 

models modeled in the year 2016, 2018 and 2019. For the 

visualization and analysis, individual datasets have been 

selected using the searching functionality of CityGML 

Analysis Toolbox (CityATB) (Malhotra, et al. 2020). 

Table 2: Overview of data analyzed for a city quarter   

Year of Modeling 2016 2018 2019 

No. of Buildings 1489 1524 1521 

No. of Building 

Parts 

1190 1834 1825 

CRS (EPSG) 25832 25832 25832 

Level of Detail 1 and 2 2 2 

CityGML version 1.0 1.0 1.0 

The challenges in data acquisition and availability for 

urban scale simulations increase considering the 

building(s), which are currently in planning phases. As the 

datasets are not commonly available and/or updated, the 

flexibility of analysing the energetic performance of the 

planned district/building(s) decreases drastically. 

Therefore, using the CityBIT, the users will be able to 

create/model new CityGML datasets using two different 

techniques. The next subsection describes the required 

input data that the user needs to enter for model creation. 

This is followed by the two approaches considered by the 

authors for creating new building models. 

Required Information for CityGML Model Creation  

As the main focus of CityBIT is to facilitate the 

CityGML model creation, building models based on basic 

user inputs can be created using the tool. Some of the 

required user inputs are:  

• Information about the desired output 

coordinate(s)/surface: The output coordinate(s) 

refers to the desired target point/surface for the 

building model that the user wants to create using 

the tool. The input functionality of the coordinates 

is similar to the approach taken by the developers 

of the CityATB (Malhotra, et al. 2020). The target 

point in this case is the centre of the ground surface 

polygon for the individual buildings. Whereas, the 

surface input refers to the ground surface polygon 

coordinates of the desired building.  

• Input and Output Coordinate Reference 

System (CRS): As CityGML datasets are 

geometrically and geographically modeled, the 

input CRS has to be entered by the user. The input 

CRS refers to the coordinate system in which the 

user would input the desired output coordinate(s). 

For example, if a user wants to input the latitude 

and longitude of the desired target point, using 

Google Maps (Google, 2020), the user needs to 

select the input CRS according to the EPSG code. 

In this case it would be 4326. Furthermore, the 

user also needs to select the desired output CRS 

within the tool. The user entered target 

coordinate(s) is/are then checked based on the 

selected output CRS. The output CRS refers to the 

coordinate system of the newly created building 

models.  

Furthermore, once the user inputs the above 

mentioned required data into the tool, two approaches can 

be used for creating the model.  

Model creation using basic user input 

Generally, CityGML datasets do contain the 

information about building geometry, usage, roof type, 

roof height and more. For creating new geometrical 

models, CityBIT gives the user a flexibility to input the 

following parameters: 

• Building Height: The building height is similar to 

the ‘measured height’ as defined in the Modeling 
Guide for 3D Objects (SIG3D, 2018). It refers to 

the difference in [m] between the highest point of 

the roof structure and the defined footprint of the 

building.  

• Ground Surface Height: The surface height 

refers to the height of the ground slab of the 

building in [m] above sea level. In this case, the 

storeys below ground (if provided by the users) are 

modeled above the ground surface polygon.  

• Ground Surface Area: As described previously, 

one of the essential user inputs for the tool is the 

information about the desired output 

coordinate(s)/surface. If the user inputs only a 

single coordinate for the building model, the 

building is considered to have a rectangular 

geometry and the entered point is considered to be 

the center point of the building. This point is then 

used to calculate the ground surface area. 

Moreover, with the additional flexibility to enter 

area [m2], the user can input the desired area of the 

building ground surface polygon. 

• Side Ratio: For rectangular building geometries, 

if only the desired output surface area is entered 

by the user, the side ratio is calculated for a ground 

surface length of the longer side of the building 

divided by the length of the shorter side. However, 

if precise coordinates are provided by the user, the 

side ratio can be calculated using the given 

coordinates. 
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• Building Orientation: The building orientation 

refers to the heading of the longer side of the 

building surface. If the desired surface coordinates 

are not entered by the user, the building orientation 

can be inputted by the users to have a precise 

orientation of the desired building. 

• Roof Height: The roof height refers to the 

minimum eaves height. The eaves of a building are 

the point where the external walls, if projected 

upwards, meet the lowest point of the upper 

surface of the roof (Welsh Government, 2013). 

Figure 2 gives a visual representation of the 

building- and roof height. 

 

• Roof Type: Currently, within the tool, the user can 

select one out of six different roof types. These 

refer to a flat roof, a monopitch roof, a dual pent 

roof, a gabled roof, a hipped roof and a pavilion 

roof (as shown in Figure 3). In future, the addition 

of more roof types is planned. 

• Roof Heading: Similar to the building heading, 

the user can select the orientation of the roof as 

well. 

• Building Function: As the building function 

plays an important role in analysing the energetic 

performance of a building, the function/usage for 

individual building(s) can also be entered by the 

user. 

• Storeys Above Ground: These refer to the 

number of above grounded floors of the building.  

• Storeys Below Ground: These refer to the 

number of underground floors for the buildings.  

• Terrain Intersection: It is an attribute of a 

building or building part and is generated by the 

intersection of the building/building part with the 

terrain. 

Another approach for the model creation using the 

interpolation techniques is described below. 

Model creation using interpolation 

Starting from building level to an urban scale 

simulation, the amount of required relevant data for 

energy analysis can differ with respect to the considered 

data model and/or simulation environment (Malhotra, et 

al. 2020). Therefore, considering the application use 

case(s) of urban energy performance simulation, 

CityGML data models must be geometrically detailed and 

correctly modeled. As mentioned in the previously 

described technique of model creation using basic user 

inputs, some important parameters (if missing) are 

interpolated in the tool with respect to the user selected 

dataset (explained later).  

Moreover, based on the characterizations in Wate and 

Coors (2015) and Kolbe (2009), certain building 

parameters do play an important role in the energetic 

analysis of an urban area. Studies such as Strzalka, et al. 

(2015) and Jaeger, et al. (2018) related to the sensitivity 

analysis of building geometries also highlight the 

importance of attributes such as building orientation, etc. 

for energy simulation. 

During the planning phases of a new construction, 

different building parameters have to be checked, 

investigated upon and thereafter finalized. The CityBIT, 

therefore, facilitates the model creation not only using the 

user inputted values but can also interpolate different 

attributes for the creation of new CityGML models based 

on the buildings in the surrounding area. These 

interpolation techniques can be selected by the user within 

the tool. The main techniques and methods for 

implementing CityBIT are based on previous studies 

(Meijering, 2002) and python libraries such as ‘Math’ 
(Van Rossum, 2020) or ‘Scipy’ (Virtanen, et al. 2020), 

and will be explained below:  

• Linear Interpolation: This is a method of curve 

fitting using linear polynomials to construct new 

Figure 2: Visual representation of building 

height, roof height and terrain intersection 

Figure 3: Visualization of the different roof types modeled us-

ing CityBIT. (a) Flat roof (b)Dual pent roof (c)Gabled roof 

(d)Hipped roof (e)Mono-pitch roof (f) Pavilion roof 
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data points within the range of a discrete set of 

known data points (Arlinghaus, 1994).  

• Nearest-neighbour Interpolation: It is often 

used to derive estimates of the surface height at the 

vertices of a regular grid from irregularly spaced 

samples (Bourke, 1999). It is a method of 

sampling multivariate interpolation in one or more 

dimensions. 

• Cubic Interpolation: It is the simplest method 

that offers true continuity between the segments. It 

requires more than just the two endpoints of the 

segment but also the two points on either side of 

them (Bourke, 1999). However, for CityBIT the 

‘Cubic Interpolation’ is currently not preferred by 

the authors due to the method’s higher computa-

tional requirements and irregularity in results.  

Moreover, along with the previously mentioned 

attributes such as ‘Information about the desired output 
coordinate(s)/surface’ and ‘Input and Output Coordinate 
Reference System (CRS)’, other inputs/methods which 

are required to be entered/selected by the user for 

interpolation are explained below:  

• Input CityGML Dataset: To interpolate the 

parameters for model creation, the user needs to 

provide an input dataset. This refers to the 

CityGML data models on the basis of which the 

attributes can be imported by the tool. Once the 

data is inserted into the tool, the user can limit the 

interpolation using two different methods: 

o Using specific attributes: If the roof type 

and/or the building function have been 

inputted by the user, they can limit/filter the 

interpolation only to buildings with similar 

attributes in the input CityGML dataset.  

o Limit by coordinates: If this option is 

selected by the user, they can: 

i) select all the buildings inside the datasets. 

ii) input an enclosed polygon to select the 

buildings inside the inputted area. 

iii) by the number of buildings (e.g. the 500 

closest buildings to be interpolated upon). 

iv) by a radius from the building for which the 

parameters have to be interpolated. 

Furthermore, the parameters that can be interpolated 

within the tool with the help of previously mentioned 

techniques are:  

• Building Height: The height of the new building 

is interpolated with respect to the surrounding 

buildings.  

• Ground Surface Height: The surface height is 

also interpolated based on the considered build-

ings in the dataset.  

• Ground Surface Area: The area of the ground 

surface polygon is calculated based on the consid-

ered buildings as well as checking the intersection 

of the polygon with the polygon surfaces of the 

other buildings.  

• Side ratio: This is also calculated for the buildings 

with similar construction side ratios.  

• Building heading: The orientation of the building 

is interpolated based on the orientation of other 

buildings in the dataset.  

• Building function: The interpolation of the 

building usage is currently under development and 

will be available in the future versions of the tool.  

• Roof type: Similar to the other parameters, the 

interpolation techniques outputs the suitable roof 

type based on the other buildings.  

• Roof Heading: The interpolation of the 

orientation of the roof is currently under 

development and will be available in the future 

versions of the tool.  

• Storeys above/below ground: These parameters 

are calculated in two different ways: 

o Interpolated based on the user selected 

dataset. The average number of storeys are 

calculated and therefore assigned to the 

building. 

o Once the height of the building is interpolated, 

the average height of the floors is calculated. 

Furthermore, the number of storeys below or 

above ground level are also calculated and 

assigned to the individual building(s). 

• Terrain Intersection: To interpolate the terrain 

intersection of a building, the terrain height is 

calculated for an area of a maximum of 2 km2 

within the input dataset. Furthermore, using the 

terrain height, the intersection points for the 

desired building(s) are calculated and considered 

in the building model creation. 

The next chapter demonstrates the implementation of 

creating new CityGML building model(s) using CityBIT.  

IMPLEMENTATION 

To demonstrate the functionalities of CityBIT, the 

authors considered open source CityGML data 

(Landesbetrieb Information und Technik Nordrhein-

Westfalen, Ref 324 Geoinformationszentrum, 2020) for a 

city in Germany. Furthermore, in this paper, the authors 

Figure 4: Section of dataset D1 and the selected areas A1, A2 

and A3 
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used the FZK Viewer (KIT/IAI, 2019) for the 

visualisation of CityGML data models.  

The previously mentioned dataset in the bottom of 

Figure 1, which will be named D1 in further scope of this 

paper, consisted of 1521 buildings and 1825 building 

parts. Though, this dataset is modeled in LoD2, it is still 

available in CityGML 1.0. In order to convert between 

versions of CityGML, the authors used the CityATB 

(Malhotra et al., 2020). Figure 4, demonstrates a section 

of the dataset D1 and areas A1, A2, A3 where the authors 

intend to create new building models. 

Currently, only a single building model can be created 

using CityBIT at once, however, simultaneous model 

creation is also envisioned by the authors in future. Figure 

5 gives an overview of the selected areas using the web 

mapping service of Google Maps (Google, 2020). Though 

the selected areas are characterized as green areas in the 

city, the authors selected these areas only for 

demonstration purposes.  

For creating the intended building models B1 and B2 

in areas A1 and A2 respectively, interpolation techniques 

were used. Parameters such as roof type, building height, 

etc. were interpolated based on the surrounding buildings 

in the dataset. Figure 6 shows a distribution of roof types 

within the dataset D1. Here, 55.7% of the buildings (1487 

out of 2667) were modelled with flat roofs (CityGML 

code: 1000).Due to the higher percentage of flat roofs in 

D1, the buildings B1 and B2 were also interpolated with 

flat roofs. Furthermore, for B1 and B2, as the building 

heights were also interpolated from the dataset, for each 

of them, the calculated height was 9.79 m and 13.04 m, 

respectively. 

The building B3 in area A3 was created using the user 

inputs of 12 m for building height with pavilion roof and 

it is considered to be entirely above terrain. Figure 7 

shows the buildings B1, B2 and B3 that were created for 

the areas A1, A2 and A3 respectively using CityBIT. Due 

to data protection laws, the authors do not include the 

exact coordinates of the created buildings in this paper. 

  

Figure 8 represents the visualization of the newly 

created building models combined with the large dataset 

D1. The process of combining multiple CityGML files 

together was carried out using the CityATB (Malhotra et 

al., 2020).  

Figure 5: Visual representation of the selected areas A1, A2 

and A3 using web mapping service of Google Maps 

Figure 6: Distribution of the buildings and building parts ac-

cording to the CityGML roof types codes in dataset D1 

Figure 7: Buildings B1(top), B2 (middle) and B3 (bottom) 

created using CityBIT in areas A1, A2 and A3, respectively 

Figure 8: Visualization of the buildings B1, B2 and B3 in the 

combined dataset D1 
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As no parameters were interpolated for building B3, 

the creation of the new CiyGML dataset only took 0.0137 

seconds. Table 3 gives an overview of the time analysis 

for creating the buildings B1, B2 and B3 along with their 

respective height, ground surface areas, roof types and the 

attributes that were interpolated. 

Table 3: Overview of creation time analysis, height, ground 

surface areas and volume  

Building B1 B2 B3 

Creation Time (s) 8.39 9.39 0.0137 

Height (m) 9.79 13.04 12.00 

Ground Area (m2) 108.8 80.06 60.30 

Roof Type Flat Flat Pavilion 

Interpolated at-

tributes (for B1 

and B2) 

Ground surface area, 

side ratio, surface 

height, building height, 

roof type, roof height, 

building function and 

building heading 

None 

With a user friendly graphical user interface and a 

modular architecture, the CityBIT can be integrated with 

other tool chains and workflows. Figure 9 shows the main 

window of the CityBIT. The user interface is currently 

being developed using Pyside 2 Python QT bindings 

(PyQt, 2012) and the tool is compatible with Python 

version 3.5+. Furthermore, the tool exports building 

models in CityGML version 2.0. Presently, the tool is 

being further developed and rigorously tested. CityBIT is 

available open-source under the MIT license 

(https://gitlab.e3d.rwth-aachen.de/e3d-software-

tools/citybit/citybit). 

CONCLUSIONS  

The CityBIT is developed to facilitate model creation 

for planned and existing buildings. This tool allows 

dataset creation for areas where no or less data exists. 

Using the tool, the authors were able to develop new 

building models for existing city quarters. Moreover, 

urban areas with individually combined building models 

were also created and geometrically validated using tools 

such as GML ToolBox (IAI/KIT, 2020), val3dcity 

(Ledoux, 2018). Some interpolation techniques for 

attributes such as building heading, building function, etc. 

are being further improved for greater accuracy. In future 

the authors would like to qualitatively analyze the 

interpolation techniques for the generated models. It is 

envisioned to integrate district level model creation in the 

tool and further test different use cases for urban building 

energy modeling. The authors would also like to 

demonstrate the functionalities of the open-source tool in 

different urban scale researches and projects.  
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ABSTRACT

Demand Side Management (DSM) programmes pro-
mote energy flexibility, cost reduction and resilience
in both grids and buildings, which can be supported
by integrating Building Information Modelling (BIM)
and Building Automation System (BAS). Despite re-
cent advances in the field, research to date remains
limited in defining data requirement structures and
interoperable approaches to exploit the potential of
this integration. This paper defines a set of exchange
requirements (ERs) to support DSM using BIM and
BAS domains. The definition of these ERs is the
foundation to create a common data model that en-
ables context-aware DSM optimisation strategies.

INTRODUCTION

The smart grid concept is increasingly being used
to describe a modern power grid system that lever-
ages intensive use of information and communica-
tion frameworks, advanced computing and automa-
tion technologies to achieve optimal grid performance
and cost reduction (Desai et al. 2019). Emerg-
ing architectures for the smart grid aim to inte-
grate the traditional grid, based on robust transmis-
sion and distribution systems and large-scale power
plants, with low-capacity Distributed Generation
(DG) units. Power generation systems classified as
DG units are mainly based on renewable energy re-
sources and are placed at or near consumption sites,
promoting active involvement of consumers in the
grid (Hashmi et al. 2011). Among the applications
that this ecosystem can host, Demand Side Manage-
ment (DSM) is an important mechanism that sus-
tains a systematic interaction between the utility and
consumers, fostering active and dynamic consump-
tion management in response to market incentive
programmes (Howell et al. 2016). This application
promotes energy flexibility, cost reduction and re-
silience through transmission and distribution con-
gestion management.

Similar to the smart grid concept, a smart build-
ing applies advances in information and communica-
tion technologies to design buildings embedded with
sensors, actuators and controllers. Through a com-
mon network, smart buildings can exchange informa-

tion to dynamically manage the operation of elec-
trical and thermal energy loads. Hence, the role of
smart buildings is essential to enable DSM capabili-
ties. Due to the overlapping targets between smart
grid applications and smart buildings, terms such as
Smart Grid Ready Buildings (SGRB) are proposed
to describe buildings that not only have intelligent
systems applied to the building itself, but also with
built-in capabilities that address communication and
interoperability challenges of connecting multiple in-
formation sources in the form of building and grid
infrastructures (Zhang 2017). One of the main com-
ponents to optimally enable intelligent buildings to
be part of intelligent grids is the implementation of
well designed building information models.

Building Information Modelling (BIM) refers to a
data-rich digital representation of physical and func-
tional characteristics of a building across its entire life
cycle, from conception, through design, construction
and operation to refurbishment or demolition (Volk
et al. 2014). As such, BIMs can act as central data
repositories through which all relevant building in-
formation is consistently structured and integrated
between various stakeholders on a project (Pinheiro
2019). This collaborative aspect is supported by vari-
ous tools and technologies that foster the information
value chain of this industry, revealing an excellent
productivity and harmony among the agents (East-
man et al. 2011, Azhar et al. 2008).

One of the main functionalities that benefit from
BIM, acting as a virtual data model based on interop-
erable workflows, is the management of automation
systems. A Building Automation System (BAS) is
a distributed system designed to manage and con-
trol building services (Vieira 2015). The main pur-
poses of BAS are to improve energy efficiency and
indoor environmental quality, ensure building user
safety and security, and reduce operating costs. To
this end, the core functionalities of BAS include mon-
itoring building parameters, such as temperature and
ventilation rates; operating systems, such as light-
ing and Heating, Ventilation, and Air Conditioning
(HVAC), based on the monitored data and occupancy
schedules; and evaluating and reporting performance
(Domingues et al. 2016). The availability of load
management functions in BAS is vital to support
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SGRB solutions, especially DSM implementation.
The integration between the BIM and BAS do-

mains has been investigated in previous studies both
to translate BAS design information into BIM (Vieira
2015, Tang et al. 2020), and to apply various build-
ing services, including HVAC control strategies (Sanz
et al. 2018, Benndorf et al. 2017, Sporr et al. 2019),
and fault detection and diagnostics algorithms (An-
driamamonjy et al. 2018). While these methods re-
vealed that BAS information can be properly rep-
resented by BIM, the integration between BIM and
multiple BAS communication protocols and control
applications remains limited. As stated by these stud-
ies, some information from BAS is not available in the
specification of existing BIM, requiring the definition
of custom properties-set or even the addition of new
entities, the latter requiring a complex certification
process. Furthermore, the mapping process required
to integrate both domains has been observed to be
manual (error-prone) and customised for a given BAS
communication protocol, restricting the consistency
and scalability of the data. Finally, most BIM-based
BAS use cases have focused on operation and main-
tenance functionalities.

In addition, few studies have also assessed BIM
information to assist building energy management for
smart grid applications. Zhang (2017) proposes an
approach to integrate BIM and Software Defined Net-
works (SDN) for the design and management of a
SGRB. Yu & Ergan (2018) evaluate the capabilities
of BIM in providing demand response related infor-
mation. However, to the best of the authors’ knowl-
edge, BIM-based grid-interactive functionalities have,
to date, not been associated with BAS communica-
tion protocols, such as BACnet and LonWorks.

The aim of this paper is to present a definition
of BIM and BAS exchange requirements (ERs) that
enable context-aware DSM programmes. This inte-
gration provides a more granular and adaptive re-
sponse to DSM signals than the one available through
currently implemented DSM approaches. The use of
BIM-based processes provide relevant building spa-
tial information and foster interoperability between
data environments, while BAS control and communi-
cation infrastructures monitor and actuate devices in
the field. The definition of such ERs is the first pro-
posed step towards a BIM-BAS common data model
that allow DSM optimisation strategies and unlock
the potential of SGRB.

This paper is structured as follows: first, an
overview of the DSM programmes is presented along
with the fundamental concepts of BAS and BIM, and
their related interoperability issues; second, the pro-
posed business use case, process map and BIM and
BAS ERs to support DMS programmes are described;
finally the results, concluding remarks and proposed
future work are discussed.

BACKGROUND

Demand Side Management

DSM, as the name suggests, consists of a series of
measures and services designed to alter consumer de-
mand in a way that improves the performance, effi-
ciency and stability of the grid (Howell et al. 2016).
DSM can be categorised into static and dynamic
programmes, as proposed by Meyabadi & Deihimi
(2017). The static DSM promotes a reduction in en-
ergy demand by end users through policies defined by
utilities and governments that support strategic con-
servation and load growth strategies. These policies
can be energy efficiency standards and labeling pro-
grammes, or electrification plans that motivates the
use of electric technologies such as electrical vehicles
and heat pumps. This programme has no onus on the
consumers, but empowers them to change their de-
mand pattern usually in exchange of reduced energy
costs. Dynamic DSM refers to the direct participa-
tion of end users who integrate their resources in the
operations of the grid and electricity market. This
programme rewards consumers to reduce or offset en-
ergy consumption when the energy demand exceeds
the ability of the grid to supply it, or under stressed
grid conditions. One of the most relevant dynamic
DSM programmes is Demand Response (DR), which
promotes change in energy consumption by end users
in response to incentive payments and dynamic elec-
tricity pricing schemes.

The DSM application requires an extensive com-
munication infrastructure that can transmit pricing
information and inquiries from the grid, as well as
manage DSM commands at the demand side to act
accordingly. These communication and control struc-
tures are the backbone of a BAS.

Building Automation System

BAS assists facility management activities by opti-
mising energy consumption, improving the quality
of the indoor environment and reducing the overall
operating costs through effective strategies designed
based on control and communication infrastructures.
In terms of communication, the introduction of stan-
dardised communication protocols has greatly as-
sisted the integration of heterogeneous building as-
sets. These protocols define rules and procedures
to manage the information exchange between devices
from multiple vendors and building systems within a
network, moving away from proprietary constraints
(Kastner et al. 2005). By adhering to standardised
communication protocols, a BAS’s level of interoper-
ability is enhanced as it becomes more flexible and
accessible. At present, BACnet and LonWorks play
a significant role as open communication protocols in
the BAS domain.
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SGRB solutions, especially DSM implementation.
The integration between the BIM and BAS do-

mains has been investigated in previous studies both
to translate BAS design information into BIM (Vieira
2015, Tang et al. 2020), and to apply various build-
ing services, including HVAC control strategies (Sanz
et al. 2018, Benndorf et al. 2017, Sporr et al. 2019),
and fault detection and diagnostics algorithms (An-
driamamonjy et al. 2018). While these methods re-
vealed that BAS information can be properly rep-
resented by BIM, the integration between BIM and
multiple BAS communication protocols and control
applications remains limited. As stated by these stud-
ies, some information from BAS is not available in the
specification of existing BIM, requiring the definition
of custom properties-set or even the addition of new
entities, the latter requiring a complex certification
process. Furthermore, the mapping process required
to integrate both domains has been observed to be
manual (error-prone) and customised for a given BAS
communication protocol, restricting the consistency
and scalability of the data. Finally, most BIM-based
BAS use cases have focused on operation and main-
tenance functionalities.

In addition, few studies have also assessed BIM
information to assist building energy management for
smart grid applications. Zhang (2017) proposes an
approach to integrate BIM and Software Defined Net-
works (SDN) for the design and management of a
SGRB. Yu & Ergan (2018) evaluate the capabilities
of BIM in providing demand response related infor-
mation. However, to the best of the authors’ knowl-
edge, BIM-based grid-interactive functionalities have,
to date, not been associated with BAS communica-
tion protocols, such as BACnet and LonWorks.

The aim of this paper is to present a definition
of BIM and BAS exchange requirements (ERs) that
enable context-aware DSM programmes. This inte-
gration provides a more granular and adaptive re-
sponse to DSM signals than the one available through
currently implemented DSM approaches. The use of
BIM-based processes provide relevant building spa-
tial information and foster interoperability between
data environments, while BAS control and communi-
cation infrastructures monitor and actuate devices in
the field. The definition of such ERs is the first pro-
posed step towards a BIM-BAS common data model
that allow DSM optimisation strategies and unlock
the potential of SGRB.

This paper is structured as follows: first, an
overview of the DSM programmes is presented along
with the fundamental concepts of BAS and BIM, and
their related interoperability issues; second, the pro-
posed business use case, process map and BIM and
BAS ERs to support DMS programmes are described;
finally the results, concluding remarks and proposed
future work are discussed.

DSM, as the name suggests, consists of a series of
measures and services designed to alter consumer de-
mand in a way that improves the performance, effi-
ciency and stability of the grid (Howell et al. 2016).
DSM can be categorised into static and dynamic
programmes, as proposed by Meyabadi & Deihimi
(2017). The static DSM promotes a reduction in en-
ergy demand by end users through policies defined by
utilities and governments that support strategic con-
servation and load growth strategies. These policies
can be energy efficiency standards and labeling pro-
grammes, or electrification plans that motivates the
use of electric technologies such as electrical vehicles
and heat pumps. This programme has no onus on the
consumers, but empowers them to change their de-
mand pattern usually in exchange of reduced energy
costs. Dynamic DSM refers to the direct participa-
tion of end users who integrate their resources in the
operations of the grid and electricity market. This
programme rewards consumers to reduce or offset en-
ergy consumption when the energy demand exceeds
the ability of the grid to supply it, or under stressed
grid conditions. One of the most relevant dynamic
DSM programmes is Demand Response (DR), which
promotes change in energy consumption by end users
in response to incentive payments and dynamic elec-
tricity pricing schemes.

The DSM application requires an extensive com-
munication infrastructure that can transmit pricing
information and inquiries from the grid, as well as
manage DSM commands at the demand side to act
accordingly. These communication and control struc-
tures are the backbone of a BAS.

BAS assists facility management activities by opti-
mising energy consumption, improving the quality
of the indoor environment and reducing the overall
operating costs through effective strategies designed
based on control and communication infrastructures.
In terms of communication, the introduction of stan-
dardised communication protocols has greatly as-
sisted the integration of heterogeneous building as-
sets. These protocols define rules and procedures
to manage the information exchange between devices
from multiple vendors and building systems within a
network, moving away from proprietary constraints
(Kastner et al. 2005). By adhering to standardised
communication protocols, a BAS’s level of interoper-
ability is enhanced as it becomes more flexible and
accessible. At present, BACnet and LonWorks play
a significant role as open communication protocols in
the BAS domain.

BACnet

BACnet, standardised by the ASHRAE Standard
135, is a communication protocol based on an object-
oriented approach that defines the representation of
devices’ data and procedures as objects. Each BAC-
net object contains a set of properties that describe
the object and influence its behavior (Domingues
et al. 2016). In addition to the abstraction repre-
sentation of the network given by objects, BACnet
also relies on services as a means of accessing and
providing information between devices, or command
requests to perform actions (Kastner et al. 2005).

BACnet has positioned itself to support smart
grid initiatives by adding some objects applicable to
DSM solutions. Among the objects, there are the
load control and the accumulator (Hong et al. 2014).
The load control object represents the requirements
for a load management mechanism, and the accumu-
lator object hosts measurement information such as
energy consumption. The use of these objects is valu-
able for addressing DSM commands and analysis as
they provide an interface to perform predefined con-
trol actions, view load shed status, and analyse peak
demand and billing data.

In addition, through the BACnet Web Services
specification (BACnet/WS), BACnet can be inte-
grated into the Open Automated Demand Response
(OpenADR) architecture, enabling fully automated
DR events. OpenADR is an information exchange
model that facilitates the communication of DR sig-
nals from utilities or aggregators to consumers. This
model is supported by BACnet/WS that allow BAS
data to be read and written by external applica-
tions (Ghatikar & Bienert 2011). In this scenario,
BACnet/WS acts as an interface between the util-
ity server and the BACnet control points, performing
pre-programmed actions based DR signals. More-
over, since non-BACnet network technologies (e.g.,
LonWorks) can be accessed through BACnet/WS,
this application can be extended to them as well.

LonWorks

The LonWorks communication protocol, known as
LonTalk, standardised by the ISO/IEC 14908-1, de-
fines the communication method between devices
across a local operating network. In LonWorks, de-
vices are defined as nodes, which are addressable
and can implement multiple functional blocks. These
functional blocks specify different applications of a
device including functionalities, properties and net-
work variables. The latter are data points used to ex-
change information between functional blocks, hence
between devices (Kastner et al. 2005). LonWorks uses
peer-to-peer architecture meaning that there is no
single master point of control. Using a binding pro-
cess, each device can communicate with each other
and the resulting action is based on the embedded
control logic of the functional blocks which decide

what to do when receiving an input in a certain net-
work variable (Domingues et al. 2016).

LonWorks has also addressed DSM solutions by
supporting bidirectional communication with client-
server network management architectures (Kastner
et al. 2005). This functionality allows LonWorks to be
one of the network technologies that can be accessed
by BACnet/WS gateways, which translate LonWorks
representations into BACnet objects, enabling DSM
applications through OpenADR.

Building Information Modelling

BIM, as a shared information repository, relies on
data transfer between different buildings’ applica-
tions using data formats. Developed and maintained
by the buildingSMART alliance, the Industry Foun-
dation Classes (IFC) open standard, or ISO 16739
standard, is the dominant non-proprietary data for-
mat which allows the exchange of building data for
BIM applications across the asset’s entire life cycle
(Sporr et al. 2019). Based on an object-oriented data
schema, IFC describes an object as an entity and
the relation between the entities as a concept (An-
driamamonjy et al. 2018). Since IFC data models
can contain a wide range of building information,
an integrated process for delivering IFC-based data
exchange for domain-specific functionalities has been
developed by the buildingSMART alliance. This ap-
proach defines subsets of the IFC schema to sup-
port assigned capabilities by means of Information
Delivery Manual (IDM) and Model View Definition
(MVD) frameworks. In this process, industry-led
groups define the scope, workflow and requirements
for the exchange of information, allowing software
applications to translate them properly (Tang et al.
2020). While the IDM captures business processes
and ERs, the MVDmaps them to the IFC schema def-
initions. This mapping process is the basis of MVDs,
as it defines the relationship of each ER with a set of
the IFC schema, identifying the relevant IFC entities,
attributes and properties to represent the required in-
formation of a given use case.

Interoperability

Interoperability refers to the ability of exchanging se-
mantically consistent information between multiple
devices, applications, networks and systems (East-
man et al. 2011). Despite the recent advances pro-
vided by communication protocols in defining struc-
tures to represent, characterise and relate BAS con-
cepts, interoperability in the domain remains an is-
sue. An explicit integration between multiple BAS
devices requires the use of well-known communication
protocols, well-defined interfaces and data represen-
tations, which are based on syntactic data structures,
and semantic understanding of concepts and relation-
ships within the data structures (Sofos et al. 2020).
Although the communication protocols address the
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syntactic aspects, the semantics of BAS are still lim-
ited as there are no existing data schemes that pro-
vide standardised concepts for semantic information
exchange between protocols which, to date, is based
on error-prone data mapping methodologies.

Similar semantic-related issues occur with BIM-
based software during exchange processes. Although
the potential for BIM exchange capabilities through
IFC data models is promising, it is yet to be fully
exploited. For instance, due to semantic differences
among domain knowledge, when exchanging IFC files,
certain software misinterpret objects from other dis-
ciplines resulting in inaccurate geometric representa-
tion or loss of properties and relations. Additionally,
because distinct tools often define their own mapping
mechanism between internal data schemas and IFC
schemas (i.e. using different entities to represent the
same object), data models can become inconsistent
(Lai & Deng 2018). Hence, explicit semantic defini-
tions and relations of building models would be ben-
eficial to enhance data quality and reliability.

To summarise, in spite of recent advances in BAS
and BIM research, there is a gap in the provision
of semantic interoperability approaches to deal with
heterogeneous BIM and BAS data sets, sources and
domain representations, and of BIM-BAS common
data models to assist DSM decision support and con-
trol mechanisms from the building perspective. This
can assist in the individualisation and optimisation of
load management.

RESEARCH METHODS

Based on the methodology proposed by Lee et al.
(2016) for formalising domain knowledge and model
views, this work specifies the ERs to support DSM
as a basis for the development of an IDM-MDV on-
tology that captures the semantic descriptions and
relationships in integrating BIM and BAS domains
(Figure 1). The first step describes the scope of work
for the selected business use case. The second step
defines a process map representing the actors and
their roles in the exchange of information through the
building’s life cycle. The third step identifies the ERs
based on the scope of work. The final step captures
these ERs into an IDM-MVD ontology formalising
the DSM knowledge. This formalised framework is
expected to support explicit semantic definitions and
reasoning features for querying BIM and BAS data
models into a common data model. The deployment
of this final step is beyond the scope of this paper.

Use Case Definition

This work proposes semantic interoperability specifi-
cations to enable SGRB solutions integrated to BIM
and BAS data models. To develop this, a use case-
driven approach is applied to prioritise the scope of
work and the capture of the related business process
and ERs. DSM is an important mechanism in the

Figure 1: Process overview to define a DSM-based IDM-MVD
ontology to represent BIM and BAS exchange requirements.

SGRB scenario, which improves the grid flexibility
and resilience by optimising the demand side con-
sumption, performance and costs, thus it is defined
as the core focus of this paper.

BAS architectures include many data points that
allow automation systems to provide crucial services
particularly for the deployment of DSM solutions, in-
cluding monitoring, control and management of in-
put and output devices (e.g., sensors and actuators).
Hence, BAS becomes an essential means of provid-
ing technical and economical optimisation strategies
for DSM. BIM could play a similarly significant role
for managing DSM solutions, providing comprehen-
sive building asset information that can be leveraged
for decision-making processes related to the provision
of load management applications.

Within the scope of this work, holistic ERs are
identified to provide dynamic DSM programmes sup-
ported by BIM and BAS repositories. Based on the
work by Meyabadi & Deihimi (2017), dynamic DSM
programmes can be categorised by four types referred
to as peak-clipping, valley filling, load shifting and
flexible load shape.

• Peak-clipping programmes reward consumers for
reducing energy use during on-peak periods (e.g.,
increasing temperature setpoints).

• Valley filling programmes reward consumers for
building energy use during off-peak periods (e.g.,
storing thermal energy).

• Load shifting programmes reward consumers for
shifting energy consumption from on-peak to off-
peak periods (e.g., queuing IT jobs).

• Flexible load shape programmes reward con-
sumers for varying loads when the grid reliability
is jeopardised (e.g., turning on and off electrical
vehicle charges).

Dynamic DSM programmes support grid oper-
ation, providing load profiles and factor corrections
that reduce energy consumption differences between
peak and off-peak periods, as well as promoting an-
cillary services that assist the grid to restore stability
under unforeseen events, such as network failures or
other unplanned conditions.

Given that static DSM programmes refer to
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syntactic aspects, the semantics of BAS are still lim-
ited as there are no existing data schemes that pro-
vide standardised concepts for semantic information
exchange between protocols which, to date, is based
on error-prone data mapping methodologies.

Similar semantic-related issues occur with BIM-
based software during exchange processes. Although
the potential for BIM exchange capabilities through
IFC data models is promising, it is yet to be fully
exploited. For instance, due to semantic differences
among domain knowledge, when exchanging IFC files,
certain software misinterpret objects from other dis-
ciplines resulting in inaccurate geometric representa-
tion or loss of properties and relations. Additionally,
because distinct tools often define their own mapping
mechanism between internal data schemas and IFC
schemas (i.e. using different entities to represent the
same object), data models can become inconsistent
(Lai & Deng 2018). Hence, explicit semantic defini-
tions and relations of building models would be ben-
eficial to enhance data quality and reliability.

To summarise, in spite of recent advances in BAS
and BIM research, there is a gap in the provision
of semantic interoperability approaches to deal with
heterogeneous BIM and BAS data sets, sources and
domain representations, and of BIM-BAS common
data models to assist DSM decision support and con-
trol mechanisms from the building perspective. This
can assist in the individualisation and optimisation of
load management.

Based on the methodology proposed by Lee et al.
(2016) for formalising domain knowledge and model
views, this work specifies the ERs to support DSM
as a basis for the development of an IDM-MDV on-
tology that captures the semantic descriptions and
relationships in integrating BIM and BAS domains
(Figure 1). The first step describes the scope of work
for the selected business use case. The second step
defines a process map representing the actors and
their roles in the exchange of information through the
building’s life cycle. The third step identifies the ERs
based on the scope of work. The final step captures
these ERs into an IDM-MVD ontology formalising
the DSM knowledge. This formalised framework is
expected to support explicit semantic definitions and
reasoning features for querying BIM and BAS data
models into a common data model. The deployment
of this final step is beyond the scope of this paper.

This work proposes semantic interoperability specifi-
cations to enable SGRB solutions integrated to BIM
and BAS data models. To develop this, a use case-
driven approach is applied to prioritise the scope of
work and the capture of the related business process
and ERs. DSM is an important mechanism in the

SGRB scenario, which improves the grid flexibility
and resilience by optimising the demand side con-
sumption, performance and costs, thus it is defined
as the core focus of this paper.

BAS architectures include many data points that
allow automation systems to provide crucial services
particularly for the deployment of DSM solutions, in-
cluding monitoring, control and management of in-
put and output devices (e.g., sensors and actuators).
Hence, BAS becomes an essential means of provid-
ing technical and economical optimisation strategies
for DSM. BIM could play a similarly significant role
for managing DSM solutions, providing comprehen-
sive building asset information that can be leveraged
for decision-making processes related to the provision
of load management applications.

Within the scope of this work, holistic ERs are
identified to provide dynamic DSM programmes sup-
ported by BIM and BAS repositories. Based on the
work by Meyabadi & Deihimi (2017), dynamic DSM
programmes can be categorised by four types referred
to as peak-clipping, valley filling, load shifting and
flexible load shape.

Peak-clipping programmes reward consumers for
reducing energy use during on-peak periods (e.g.,
increasing temperature setpoints).
Valley filling programmes reward consumers for
building energy use during off-peak periods (e.g.,
storing thermal energy).
Load shifting programmes reward consumers for
shifting energy consumption from on-peak to off-
peak periods (e.g., queuing IT jobs).
Flexible load shape programmes reward con-
sumers for varying loads when the grid reliability
is jeopardised (e.g., turning on and off electrical
vehicle charges).

Dynamic DSM programmes support grid oper-
ation, providing load profiles and factor corrections
that reduce energy consumption differences between
peak and off-peak periods, as well as promoting an-
cillary services that assist the grid to restore stability
under unforeseen events, such as network failures or
other unplanned conditions.

Given that static DSM programmes refer to

strategies that do not depend on active interaction
between the end user and the grid, they are outside
the scope of this work.

Business Process Map

For a successful integration and seamless data ex-
change between BAS, BIM and grid information to
enable DSM programmes, all concerned parties must
be aware of which information shall be inserted into
the model at which stage in the building life cycle.
Figure 2 shows the overall process map, based on
Business Process Modelling Notation (BPMN), pro-
posed in this work for leveraging BIM and BAS infor-
mation for DSM programmes. In the design phase,
the BAS model is created in reference to the BIM
spatial model, building energy systems (e.g., HVAC
and lighting) and DSM control logic specifications.
Inspired by the work of Jiang et al. (2015), the
BIM and BAS domains are integrated/linked using
a query code generator that leverages the ERs de-
fined in DSM-based IDM-MVD ontology as an input,
and output a BIM-BAS common data model. In the
operational phase, this common data model, which is
enriched and validated with BIM and BAS informa-
tion, is used to support context-aware DSM optimi-
sation strategies. These optimisation strategies are
focused on the building perspective, relying on the
BIM spatial context, BAS parameters and real-time
data, and grid signals.

Exchange Requirements

The proposed ERs to enable DSM using BAS and
BIM are derived from the fundamental BAS concepts
of the ISO 16484-3:2005 (International Organisation
for Standardisation 2005) as assessed by Vieira et al.
(2020), and the required data to assist the deployment
of the DSM programmes as defined in the use case
definition section. To foster interoperability between
heterogeneous data environments and communication
protocols, the ERs are defined abstractly and holisti-
cally within three main BAS levels: field, control and
management. The field level focus on the interaction
and specifications of building energy systems and spa-
tial context. The control level defines the logic that
coordinate the field level systems to trigger actua-
tion scenarios in response to corresponding input data
and threshold values. Lastly, the management level
provides configuration and data acquisition functions
for the high level supervision and coordination of the
controllers, being responsible for the interaction be-
tween the building and the grid. Since BAS-related
data does not include spatial containment informa-
tion, BIM is used to provide environmental contexts
to drive load management measures. To comply with
the DSM programmes, Table 1 defines the relevant
functional units and network properties for each BAS
level along with their short description and source of
information, either from the BIM or BAS.

At the field level, the spatial information is ex-
ploited to locate the equipment and device place-
ments within the building premises, which can be
used to target optimisation strategies based on ther-
mal zones and space types. The equipment (e.g.,
boiler, light fixture and plug-in office equipment)
and device (e.g., meter, sensor, actuator and con-
troller) information defines their type, vendor and
user-defined specifications and descriptions, as well
as physical characteristics. Lastly, the connectiv-
ity property defines the physical connection between
equipment and devices and the group property aggre-
gates them based on common interfaces.

At the control level, the data points represent
the addressable logical points of the devices, includ-
ing physical points that refer to I/O ports and virtual
points that provide services, such as configuration of
a given parameter according to the status of an asso-
ciated physical data point or input data. Each data
point is described through metadata attributes (e.g.,
network address, data type and unit). The binding
property describes the logical connection among the
data points and devices, stating, for example, their
relationship with each other as an input or output.
In addition, the operation mode and setpoints prop-
erties define the control logic configuration set for
each building energy systems during regular opera-
tion, while the limit demand and setpoint parame-
ters specify the minimum and maximum levels and
values acceptable to maintain their operation during
DSM program provision. Lastly, the event property
represents the request command from the grid, the
active period property defines the time frames for the
deployment of DSM programmes.

Finally, at the management level, the occupancy
schedule for each building space is suitable to efficient
design approaches for the building energy system op-
eration schedule. The comfort profiles define the in-
door environmental quality requirements (e.g., ther-
mal comfort, hazard mitigation, and others). The
baseline value is powerful in terms of performance
and attribute-based metrics by comparing expected
setpoints and consumption targets with the device
value readings and accumulator measurements. In
addition, the occupancy reading is beneficial to opti-
mise the energy consumption per space by adjusting
control parameters to respond to occupation status.
For visualisation purposes, the historical data is used
for reporting and management functionalities, such as
energy use pattern recognition, and the demand level
reading presents the real-time demand use. Lastly,
the DSM duration and reduction state required infor-
mation to be shared with the utility, while the DSM
signals identify the energy rates and incentives to per-
form a given DSM programme from the utility.
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Figure 2: Process map of the information exchange between BIM and BAS domains to support DSM programmes.

DISCUSSION

This study identifies ERs to represent BIM and
BAS required domain knowledge to enable DSM pro-
grammes as a basis for the development of a DSM-
based IDM-MVD ontology. Leveraging the semantic
definitions and reasoning features of this ontology,
heterogeneous BIM and BAS models can be queried
creating a BIM-BAS common data model (schema-
agnostic). The use of graph-based technologies for
the knowledge representation of this common data
model is viewed as a promising strategy to enhance
this proposed cross-domain data exchange and will
form the future work.

The integration of BIM and BAS domains
adds value to current DSM programmes, supporting
decision-making processes for load management from
the perspective of the building. Driven by DSM sig-
nals, data monitored by BAS and building environ-
mental contexts provided by BIM, each load can be
evaluated in terms of its qualified flexibility to pro-
mote DSM optimisation strategies. For example, by
adjusting specific setpoints, such as fan speed, power
rate and temperature, to be based on occupation
schedules, sensor data as well as indoor environmen-
tal quality requirements, the demand for given loads
can be adjusted automatically to deliver DSM mea-

sures while maintaining the required comfort levels.
The potential contribution of this study includes the
interaction between the BIM, BAS and grid reposi-
tories to deliver fully automated context-aware DSM
programmes at various levels of a building hierarchy
(e.g., by thermal zones or individual devices).

CONCLUSIONS

This paper defines ERs for integrating BIM and BAS
domains within a DSM context. While BIM processes
provide relevant information about building elements
and promote collaborative data exchange, BAS con-
trol and communication infrastructure enables build-
ings to function as active participants in DSM pro-
grammes. Future work concerns a comprehensive def-
inition of BIM and BAS ERs, the development of a
DSM-based IDM-MVD ontology to explicitly define
the semantic descriptions and relationships of these
ERs and of a query code generator to create a BIM-
BAS common data model based on them. This com-
bined approach can mitigate semantic interoperabil-
ity issues between BIM and BAS data environments,
enhance data quality and consistency and foster the
deployment of SGRB applications as vital contribu-
tors to future smart grids.
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This study identifies ERs to represent BIM and
BAS required domain knowledge to enable DSM pro-
grammes as a basis for the development of a DSM-
based IDM-MVD ontology. Leveraging the semantic
definitions and reasoning features of this ontology,
heterogeneous BIM and BAS models can be queried
creating a BIM-BAS common data model (schema-
agnostic). The use of graph-based technologies for
the knowledge representation of this common data
model is viewed as a promising strategy to enhance
this proposed cross-domain data exchange and will
form the future work.

The integration of BIM and BAS domains
adds value to current DSM programmes, supporting
decision-making processes for load management from
the perspective of the building. Driven by DSM sig-
nals, data monitored by BAS and building environ-
mental contexts provided by BIM, each load can be
evaluated in terms of its qualified flexibility to pro-
mote DSM optimisation strategies. For example, by
adjusting specific setpoints, such as fan speed, power
rate and temperature, to be based on occupation
schedules, sensor data as well as indoor environmen-
tal quality requirements, the demand for given loads
can be adjusted automatically to deliver DSM mea-

sures while maintaining the required comfort levels.
The potential contribution of this study includes the
interaction between the BIM, BAS and grid reposi-
tories to deliver fully automated context-aware DSM
programmes at various levels of a building hierarchy
(e.g., by thermal zones or individual devices).

This paper defines ERs for integrating BIM and BAS
domains within a DSM context. While BIM processes
provide relevant information about building elements
and promote collaborative data exchange, BAS con-
trol and communication infrastructure enables build-
ings to function as active participants in DSM pro-
grammes. Future work concerns a comprehensive def-
inition of BIM and BAS ERs, the development of a
DSM-based IDM-MVD ontology to explicitly define
the semantic descriptions and relationships of these
ERs and of a query code generator to create a BIM-
BAS common data model based on them. This com-
bined approach can mitigate semantic interoperabil-
ity issues between BIM and BAS data environments,
enhance data quality and consistency and foster the
deployment of SGRB applications as vital contribu-
tors to future smart grids.

Table 1: BIM and BAS ERs to support DSM programmes.

Level Function Property Description Source

Field Spatial Location Sets equipment and device placement BIM

Space type Sets space type BIM

Thermal zone Sets influenced zones BIM

Systems Identifier Sets vendors ID BAS

Name Sets user-defined ID BAS

Type Sets type BAS

Description Sets descriptions BAS

Representation Sets characteristics BIM

Relation Connectivity Sets physical connection BAS

Group Sets groups of equipment and devices BAS

Control Logic Datapoints Sets metadata attributes BAS

Binding Sets logical connection BAS

Setpoint Sets setpoints BAS

Setpoint limit Sets allowed magnitude of change BAS

Demand limit Sets allowed magnitude of change BAS

DSM sequences Sets DSM controls description BAS

DSM operation Sets DSM actuation scenarios BAS

DSM event Sets DSM event request BAS

DSM active period Sets DSM time frames BAS

Management Setup Space schedule Sets occupancy time frames BIM

Comfort profiles Sets comfort requirements BIM

Baseline Sets expected values BAS

Data acquisition Setpoints and status Reads setpoints and device status BAS

Sensor data Reads sensor data BAS

Occupancy Reads occupancy status BAS

Demand level Reads effective demand BAS

Energy accumulator States energy consumption BAS

Historical data Retrieves archived data BAS

DSM reduction States demand and energy reduction BAS

DSM duration States DSM duration BAS

DSM signals Reads DSM signals BAS
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ABSTRACT 

This paper presents an IT system that provides building 
users with hands-on executable recommendations in order 
to reduce their energy consumption.  For that purpose, it 
analyses building operation data in real time in order to 
identify energy wastes as well as suitable energy 
conservation measures that shall help saving energy 
without compromising comfort and indoor environmental 
quality. One main goal is to provide a highly scalable 
solution that can be easily replicated and used in a wide 
range of buildings thus enabling resource saving at a large 
scale.    

INTRODUCTION 

Building users and facility managers often need guidance 
to change their behavior towards energy efficiency 
because of their lack of energy awareness and knowledge. 
In last decades, much research efforts have been spent to 
optimize the efficiency of energy systems. New 
technologies have been introduced that increase the use of 
renewable energies, and existing technologies have been 
optimized to avoid or reuse wasted energy. Moreover, 
many developments and research have led to enhanced 
building automation systems embedding data analytics 
algorithms and performing energy-optimized and 
automatic building systems control (Oldewurtel et al., 
2012; Mayer & Enge-Rosenblatt, 2019; Mehmood et al., 
2019). Even if technology has been enhanced, there was 
not much attention paid to building users themselves who 
represent a major factor of energy inefficiency and waste 
due to energy-unaware behavior. In contrast to the 
classical goal of building automation that tends to achieve 
a fully automated and autonomous energy management, 
the proposed approach relies on the interactions between 
the building and its users. In particular, it aims at 
increasing the awareness and engagement of building 
users with regards to their energy consumption and 
building operation costs. 

This work is part of an on-going EU-funded project 
called eTEACHER. The eTEACHER project aims at 
empowering energy end-users to achieve energy savings 
and improve comfort conditions within buildings by 
enabling behavioral change. The behavioral change is 
addressed by means of ICT solutions that connect 

building energy monitoring systems with end-users. The 
proposed solutions focus on providing end-users with 
tailored recommendations which were designed with 
engagement methods and gamification concepts based on 
the results of social studies. In this way, end-users 
(householders, facility managers, staff, teachers, etc.) are 
able to identify energy efficiency and comfort 
improvements that they can undertake by themselves and 
integrate in their usual activities. 

To achieve this goal, the presented system analyses 
building data in order to identify suitable energy 
conservation measures (ECMs) as formally defined in 
(EVO, 2014). These ECMs are meant to be applied by 
building users or facility managers to save energy. In view 
of that, the system translates ECMs into tailored 
recommendations in text form that are provided to end-
users through a graphical user interface for engaging their 
actions towards more energy efficiency and for bringing 
them more energy awareness. The core algorithms follow 
a rule-based approach for best addressing the goals and 
constraints that are encountered. Among the main 
constraints, the availability of building data is a common 
issue. Indeed, many buildings do not have a monitoring 
system. Moreover, the system has to be applied in real 
time during building operation. Thus, it must have 
restricted computational time and be executed 
continuously in a proper runtime environment. 
Furthermore, one major constraint is the ability to be 
applied to any kind of building regardless of their type, 
size, usage, users and existing facilities (heating, 
ventilation, air conditioning, lighting, etc.). 
Reprogramming or reconfiguring the tool according to 
singularities of each building should be avoided in order 
to have a scalable system. 

ENERGY SAVING ANALYSIS AND 

STRATEGY 

Use Cases Overview 

Twelve use cases i.e. buildings, that involve about 5000 
people and are located in 3 climate areas, have been used 
to identify the requirements of the recommendation 
system and test the resulting tool. The 12 use cases are 
real buildings and are listed in Table 1 below.  
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Table 1: List of buildings introduced as use cases 

Type Key figures Country 

kindergarten built in 1976, 905 m2 gross area, 
1 floor, 20 users 

Spain 

high school built in 1965, 5307 m2 gross area, 
3 floors, 120 users 

Spain 

office 
building 

built in 2011, 3211 m2 gross area, 
3 floors, 130 users 

Spain 

residential 
building 

built in 1984, 4540 m2 gross area, 
5 floors, 95 users 

Spain 

healthcare 
center 

built in 2000, 1270 m2 gross area, 
2 floors, 577 users 

Spain 

healthcare 
center 

built in 2002, 2180 m2 gross area, 
2 floors, 915 users 

Spain 

residential 
complex 

built in 2009, 67900 m2 gross 
area (4 buildings), 1500 users 

Romanaia 

secondary 
school 

built in 2005, 9163 m2 gross area, 
2 floors, 800 users 

United 
Kingdom 

municipal 
building 

built in 1927, 5826 m2 gross area, 
7 floors and 40 users 

United 
Kingdom 

 

The users of these buildings are facility managers, 
householders, office/medical staff, cleaning crew, 
security team, teachers and students. The technical 
systems are mainly HVAC systems, appliances and 
lighting systems which consume electricity, gas, fuel oil 
or waste depending on the specific building and system. 
The appliances depend on the type of building and are 
computers, printers, beamers, electric radiators, medical 
equipment, lab equipment and home appliances such as 
TVs, fridges, ovens, etc. The lighting systems are mainly 
fluorescent lamps and have sometimes central control and 
sometimes manual control. The HVAC systems include 
several types such as heating and cooling based on VRF 
heat pumps (Variable Refrigerant Flow)  and compact air 
handling units, splits, district heating and radiators, 
boilers and radiators, boilers and underfloor heating, 
electric chillers and cold ceilings, air-water heat pumps 
and fan coils, air-air heat pumps (multi-splits), etc.  

According to a study carried out in the use cases 
before the deployment of the tool, typical energy-wasting 
bad habits of users and corrective target behaviors have 
been identified. This study has been based on on-site 
surveys and monitoring data. The energy-related 
behaviors that the recommendation system aims at 
influencing are among others: 

• Lighting use behavior: Turning off lights when 
leaving a room or at the end of the day; reduce 
use of unneeded lights checking lighting levels 
and needs during the day 

• Appliance use behavior: Turn off appliances 
(computers, TVs, medical equipment, etc.) at the 
end of the day; turn off appliances when away 

• HVAC use behavior: Reduce thermostat 
temperature for heating when overheating; 
increase thermostat temperature for cooling when 
undercooling; ensure that windows and doors are 
kept closed if heating/cooling is on; turn down 
HVAC system if room/building is not in use for 

more than one hour; ensure that air-conditioning 
and heating are not working at the same time; 
Take advantage of passive solar energy 

Energy Conservation Measures 

The ECMs have been defined taking into account the 
energy systems of the buildings, how they can be actuated 
by the users to save energy, as well as the target behaviors. 
Specifically, the procedure to define the ECMs consisted 
of: 1. Identifying energy systems of the buildings that can 
be manipulated by the users to save energy; 2. List 
potential ECMs related to those energy systems and 
applicable by users; 3. Organize ECMs and document 
their requirements in terms of required data from the 
systems; 4. Enrich and prioritize the ECMs with the target 
behaviors; 5. Translate the ECMs into knowledge-based 
rules. As a result, 4 groups of ECMs that can be carried 
out by end-users such as householders, staff, teachers and 
facility managers have been defined: 
1. ECM1 - Save cooling energy using HVAC control, 

windows and blinds: Building users can save energy 
by controlling HVAC consumption by means of 
temperature set-point and fan speed as well as exter-
nal energy factors (external gains from solar radia-
tion or air flows) by opening/closing windows and 
blinds. In summer, solar radiation has a negative ef-
fect (increase building, zone or room temperature) 
that should be mitigated closing blinds when neces-
sary; indoor temperature and humidity can also be 
controlled by opening/closing windows when con-
venient. Cooling unused spaces should be avoided. 

2. ECM2 - Save heating energy using HVAC control, 

windows and blinds: End-users can save energy by 
controlling the HVAC consumption by means of 
temperature set-point and fan speed as well as exter-
nal energy factors (external gains from solar radia-
tion or air flows) by opening/closing windows and 
their blinds. In winter, solar radiation has a positive 
effect (reduce heating demand) that should be taken 
advantage of by opening blinds when it is necessary; 
closing windows also helps to reduce heating losses. 
Heating unused spaces should be avoided.  

3. ECM3 - Save lighting energy using natural light-

ing or power-off when there are no people using it: 
Lighting energy consumption can be reduced taking 
advantage of natural lighting by opening blinds and 
turning off lights when there are no people in the 
room or building.  

4. ECM4 - Save electrical energy turning-off unnec-

essary appliances, devices or equipment: Powering 
off electric devices (computers, printers…), home 

appliances (TV, laptops…) when they are not in use 

is a common practice to save energy. 
For the recommendation system to evaluate these ECMs 
in each building and in real time, it requires some 
information related to building topology and energy 
systems, as well as data provided by e.g. energy meters 
(cooling/heating, electricity), pyranometers or weather 
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stations, occupancy sensors or presence sensors, indoor 
temperature sensors, outdoor temperature sensors, etc. 
These requirements are discussed in chapter 
MONITORING SYSTEM. 

RECOMMENDATION SYSTEM 

The recommendation system that has been developed can 
be assimilated to an expert system that relies on a certain 
control logic implemented with the help of rules. Contrary 
to classical control systems which operate actuators, this 
logic is used to perform a so-called indirect control 
(Shigeyoshi et al. 2011) relying on handlings of building 
users. 

System Components 

An expert system is a computer system that emulates the 
reasoning ability of a human expert. It is composed in 
general of three main components: (1) a base of facts or 
use cases, (2) a knowledge base and (3) an inference 
engine that takes information from (1) and (2) as input in 
order to derive new facts. In our case, these new facts 
consist principally of procedures or control actions which 
are applicable in a building by end-users. The preliminary 
facts are real building data which are provided by the 
monitoring system presented in next chapter. Figure 1 
illustrates the internal workflow of the proposed 
recommendation system which integrates the following 
three main components: 

• A fact base that encompasses information about 
the building, its topology and its technical 
systems, as well as operation data gained from 
the monitoring system. 

• A knowledge base that contains different rules 
that are expressed in computer-readable language 
and that describe the energy conservation 
measures (ECMs), their effect and several 
underlying building operational states that 
condition their validity for some specific use 
cases.   

• An inference module that consists of algorithms 
that execute the analysis using both the data 
model from the fact base and the knowledge base 
in order to generate recommendation objects that 
describe ECM procedures including estimations 
of their energy saving potential. 

The core data model in the fact base consists for each 
studied building of metadata about the building and its 
built-in monitoring system, as well as actual measurement 
data which are regularly cached into the fact base prior to 
each inference run. A building metadata model provides a 
static description of the building structure together with 
its technical systems (heating system, cooling system, 
etc.). In contrast, a monitoring metadata model describes 
the types of sensors or meters installed in the building, 
their measured physical quantities, their units, etc. 
Accordingly, these metadata are used to annotate and 
locate real measurement data that consist of time series. 
For describing these different metadata, an overall 

metadata model has been built as an ontology using the 
Semantic Web data standards RDF (Resource Description 
Framework) and OWL (Web Ontology Language) (W3C, 
2020). On the basis of the metadata and with the help of 
the knowledge base, the inference module can then 
characterize the building as it is built together with its 
available monitoring data. After this first characterization 
step, the inference tool can then continuously analyze 
actual operational conditions and identify proper ECMs 
that are further provided to a Front-End application 
through an API (Application Programming Interface) 
using the REST (REpresentational State Transfer) 
architectural style (Fielding & Taylor, 2002). 
 

Figure 1: Data flow of the expert system 
 

In addition to the expert system part of the 
recommendation system, another module is used for 
evaluating and storing the energy saving potential of each 
ECM. This estimation module consists of a set of 
algorithms that compute absolute and relative values of 
energy consumption in certain units e.g. kWh, kWh/d, 
kWh/a. For that purpose, the time series data from the 
monitoring system are again used and especially values 
from submeters that allow for differentiating the energy 
consumed for cooling, heating, lighting and appliances in 
specific zones. Each of the computed results represents 
the amount of energy that can be saved when users apply 
some ECM action. The estimation module runs on daily 
basis and independently from the expert system. It 
provides estimations which are then written into the 
recommendation objects delivered to the Front-End App. 
Since the estimation module requires a sufficient data 
history, the energy saving estimation process is 
differentiated into two usage phases of the 
recommendation system: 

• Commissioning and first operation period: the 
energy saving potential consists of reference 
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values which were taken from experimental 
surveys and benchmarks about energy saving in 
reference buildings by means of similar ECMs. 
These values are also used for the case that a 
building does not dispose of the data points 
required by the estimation module. 

• Second operation period: when the tool has been 
used for a sufficient period of time, the 
corresponding historical data (1 month till 1 year 
back depending on the ECM) is processed by the 
estimation algorithms to compute energy saving 
values. 

Data processing 

The ECMs are formalized in terms of rules that can be 
formulated in natural language as IF-THEN statements. 
These rules must be translated into a computer-readable 
form in order to be processed by the inference algorithms. 
For that purpose, there exists a certain number of 
possibilities ranging from boolean expressions in classical 
procedural programming languages to rule languages 
usually used in the field of artificial intelligence and logic-
based systems. An overview of some rule languages is 
given in (Rattanasawad et al., 2013). Once translated into 
specific computer-readable objects, the ECM rules can be 
stored into the knowledge base. Even if a rule can be 
formulated into one IF-THEN expression in natural 
language including boolean operators (OR, AND, NOT) 
and predicates, their implementation in computer-
readable form necessitates nesting them in several atomic 
rules. Consequently, for each ECM several single atomic 
rules have been defined and written into the knowledge 
base. In runtime, these atomic rules are checked 
sequentially following a forward-chaining principle in 
order to allow the recommendation system to identify if 
one ECM is valid and a recommendation can be triggered 
for a certain building location at a certain time.  

The atomic rules are classified into three different 
execution levels. During runtime, the inference engine 
processes the rules in a sequence starting from the first 
level till the third level. The levels are defined as follows: 

• 1st level: system characterization rules 

▪ These rules are used for characterizing the 
building and its technical systems: cooling / 
heating system, distribution system, shading 
system, actuable systems, etc 

▪ They are based on the building and 
monitoring metadata contained in the core 
data model of the fact base 

• 2nd level: state interpretation rules 

▪ These rules are used for interpreting the 
operational conditions and energy 
performance of the building: weather 
conditions, systems status (on/off), indoor 
conditions, occupancy, openings status, etc 

▪ They are based on the monitoring data 
respectively time series which are cached 
into the fact base  

• 3rd level: procedural rules   
▪ This last layer checks if an ECM is valid or 

not for the current time and building use case 
▪ They use as premises the results from the 

system characterization and state 
interpretation levels 

Because of the specific type of data each level processes, 
the rules have been for one part implemented into some 
logical axioms and rules inside the ontology, and for 
another part into the Python programming language. 
More specifically, the first rule level (system 
characterization) relies on the ontology for processing 
metadata. The second (state interpretation) and third 
(procedures) levels are based on the programming 
language for processing time series and boolean 
expressions. As a result, the inference module consists of 
these distinctive rule checking levels, each implementing 
a proper technology. Indeed, ontology is rather more 
adapted for semantic processing of metadata and less for 
time-series analysis, while a programming language like 
Python provides a fast and efficient way of processing 
large time-series data and of expressing procedural rules.  
Figure 2 provides a simple example of 1st level rule for 
identifying if a space is an heating zone. It consists of an 
equivalent class axiom defining a heating zone as a 
building spatial element that contains some energy 
distribution component from the building heating system. 
  

 
 
 
 
 
 
 

Figure 2: Some logical axiom for classifying heating zones 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Example location object in JSON format 
 

Accordingly, if a room or a flat hosts e.g. radiators, it will 
be considered for checking some ECM which relate to 
saving heating energy (ECM2) by acting on local indoor 
temperature. On the 2nd and 3rd levels, the measurements 
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data which are relevant to this location are analysed in real 
time to compute operating conditions which are used to 
detect if energy is being wasted and some 
recommendation can be triggered. Besides OWL and 
Python, the JSON format (JavaScript Object Notation) 
has been used to manage metadata in the fact base and to 
support the data flow presented in previous section. 
Figure 3 shows an example location object used to 
represent a flat in a residential building.  

MONITORING SYSTEM 

Hardware Installation 

The recommendation system requires some dynamic data 
as input that is normally provided by a monitoring or 
building automation and control system (BACS). The 
number and type of sensors, their position, connection 
(wire or wireless), data transfer and frequency, energy 
supply, cost and communication protocol must satisfy 
some requirements. For the identification and evaluation 
of energy conservation measures, the monitoring system 
needs to collect following data related to the use of 
lighting, appliances, HVAC systems, windows, shadings, 
etc. at each specific time interval (e.g. 10 minutes): 

At building level 

• Outdoor conditions: temperature (ºC), relative 
humidity (%), light level (lux), solar radiation 
(W/m2) 

• Energy consumption (kWh): lighting, HVAC, 
appliances 

At room/apartment level: 

• Energy consumption (kWh): lighting, HVAC, 
appliances 

• Indoor conditions: temperature (ºC), CO2 (ppm), 
relative humidity (%), light level (lux) 

• Other binary measurements: presence and 
windows opening 

Other important technical requirements for the 
monitoring system consist of easy installation, cost-

effectiveness, system security and easy integration in 
standard server and database systems.  

Table 2: Monitoring system in one use case 

Qty Sensor type Measurement type 

1 Z-Wave weather station 

Irradiance at the rooftop of 
the building (W/m2) 
Luminance at the rooftop of 
the building (Lux) 
Ambient temperature in the 
outside (ºC) 
Relative humidity in the out-
side (%) 

1 
Circutor Mini (CVM 
MINI-ITF-RS485-C2) 

Energy consumption of the 
building (kWh) 

4 
Circutor Mini MC (CVM 
MINI-MC-ITF-RS485-
C2) 

Energy consumption of the 
lighting  (kWh) 

3 
Circutor Mini MC (CVM 
MINI-MC-ITF-RS485-
C2) 

Energy consumption of the 
HVAC system (kWh) 

1 per 
room 

NEO COOLCAM for 
opening of doors and win-
dows (NEOEDS01Z) 

Binary, window 
opened/closed (adimens.) 

1 per 
room 

Schucko Everspring with 
energy measurement 
(EVR_AN1812) 

Energy consumption of the 
appliances (kWh) 

1 per 
room 

Qubino Flush 1 Relay with 
energy measurement 
(ZMNHAD1) 

Energy consumption of the 
lighting (kWh) 

1 per 
room 

Fibaro Z-Wave Plus multi-
function motion sensor 
(FIBEFGMS-001-ZW5) 

Binary, presence detector at 
the room (0 no detection)  

Luminance in the room (Lux) 

1 per 
room 

Z-Wave plus MCOHOME 
sensor for CO2, Tempera-
ture and Humidity (MH9-
CO2-WD) 

CO2 concentration in the 
room (ppm) 
Temperature in the room (ºC) 
Relative humidity (%) 

2 per 
room 

Fibaro Universal Binary 
Sensor (FIB_FGBS-001) 

Fan coil input/output temper-
ature in the room (ºC). 

 

In the 12 use cases i.e. buildings, data were collected from 
existing BACS systems when it was possible. Otherwise, 
new monitoring systems were installed when the required 
data were not accessible or missing in the existing system. 
There are many options for monitoring systems on the 
market that include wire and wireless sensors. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Monitoring network in one use case 
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Several technologies have been used in the 12 use cases. 
In general, low cost and wireless sensors were prioritized 
to avoid big investments and intrusive installations, but 
wired sensors have also been used. As an example, Figure 
4 illustrates the monitoring network in one of the use 
cases. The building has 2180 m2 gross area with 43 rooms 
and it is conditioned by an air-water system (3 central heat 
pumps and fan coils) and 5 air handling units (AHU) used 
for ventilation. Table 2 summarizes the monitoring 
system used in the same pilot building.  

According to the experience in the 12 use cases, the 
existing wireless monitoring technologies require a 
continuous maintenance of the sensors (batteries, network 
connection, etc.) to ensure data quality which is key for 
the recommendation system. 

Data Storage and Transfer 

A common and centralized relational database has been 
implemented to store all sensors and meters data located 
in the 12 use cases. This database is continuously updated 
over time with actual data. That way, all data remain 
available and up to date as well as accessible to the 
recommendation system through a single interface. It was 
necessary to harmonize all data and metadata into a proper 
database schema since part of the data is provided by 
some pre-existing on-premise monitoring systems that 
use own database management systems (DBMS) and data 
structuration. This schema has been implemented into 
SQL (Structured Query Language) as it is the most used 
database standard in existing building monitoring 
systems, which enabled the replication of pre-existing 
data points into the common database. A simplified 
version of this schema is illustrated in Figure 5 in the form 
of an Entity-Relationship Diagram (ERD). This schema 
describes the metadata i.e. the entities that are represented 
within the database together with their relationships. The 

resulting relational model applies a modeling construct 
that is commonly used in the field of building information 
modeling (BIM) and which is called spatial 
decomposition (BuildingSMART, 2020). It consists of 
decomposing the topological structure of a building into a 
hierarchy of containing and contained elements. For 
example, a site contains one or more buildings; a building 
contains floors; one floor contains rooms; a room contains 
technical equipment; etc. The building information 
contained in these metadata is reused as input for the fact 
base described in the previous chapter together with the 
measurement time series from sensors and meters. Thanks 
to this information, the recommendation system has the 
ability (1) to unambiguously locate each measurement 
within or outside a building, and (2) to characterize the 
building, its HVAC system and available data points. 

In order to identify ECMs that are relevant to a 
specific location within a building, the recommendation 
system has to recognize its topology and built-in systems. 
Key characteristics are for example the presence or not of 
heating and cooling systems, the type of energy 
distribution components or terminals (e.g. radiators or 
AHU outlets), type of sensors, etc. This kind of 
information can usually be contained in a building design 
model like the ones that are produced in CAD planning 
tools and that can be serialized in BIM-compliant data 
formats. The use of such BIM models represent further 
extensions of the recommendation system like proposed 
by Stenzel et al. (2013) and Schneider et al. (2020).  

Because the relational database is hosted in another 
network and it can become an interchangeable component 
inside a specific on-site monitoring ecosystem, a 
universal communication interface was chosen. It is built 
on top of the database for enabling the monitoring system 
to communicate data over the web to the recommendation 
system which is run as a cloud service at Fraunhofer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Communication between monitoring and recommendation systems 
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It is usual to find different types of DBMS in BACS 
systems, which all offer specific APIs. To avoid 
implementing database-specific data imports and 
maximize the chances of interoperability with existing 
BACS systems in potential further buildings, the choice 
was made to use a web-capable and standardized 
communication protocol for the universal interface. To 
communicate with the central database, our system uses 
the Open Platform Communications Unified Architecture 
(OPC UA) which is a machine to machine communication 
protocol originally developed for industrial automation 
(OPC Foundation, 2020). It has also spread in automation 
systems for buildings and provides relevant 
characteristics for data as well as metadata exchange in 
real time. OPC UA provides a standardized, open, cross-
platform and service-oriented architecture (SoA). An 
OPC server includes a hierarchical node model that 
structures all information about the available sensor data 
following the same Entity-Relationships and metadata 
models mentionned previously. The OPC client can 
browse this information model and read underlying data 
like actual and historical sensor values. 

TOOL DEPLOYMENT 

At the time of this paper, the overall system presented 
within previous chapters has been deployed as a research 
prototype and applied for all building use cases. The 
monitoring system has been set up and the common 
database is continuously updated in real time with new 
sensor and meter data. The corresponding DBMS system 
has been built into a Docker Container for facilitating its 
installation on any computer. The incoming data is 
constantly synchronized through the OPC interface with 
the fact base of the recommendation system. This latter 
runs  remotely on a virtual machine that is hosted at 
Fraunhofer premises. The execution of the 
recommendation system is managed by a Linux scheduler 
that guarantees the continuous availability of the service 
over the year. Accordingly, the different algorithms of the 
inference module and the estimation module run 
repetitively over time with different frequencies 
depending on the analyzed ECMs. The execution 
frequencies range from some minutes to one day.     

The communication of the results from the 
recommendation system to the Front-End App occurs 
through  a REST API. REST provides a data exchange 
architecture that relies on web standards and that uses 
HTTP Protocol for exchanging data resources. In our 
case, these data resources consist of recommendation 
objects that are serialized in JSON according to a 
specifically defined schema. Each recommendation 
object contains the following main information:  

• a recommendation or advice that is formulated in 
natural language and that describes a control 
action that an end-user could perform to save 
energy  

• a location in the building where this 
recommendation applies. As the system 

considers different building levels, it relates each 
output to a specific space, a zone or the building 
itself.     

• a timestamp at which the recommendation has 
been triggered and is valid 

• a validity period that indicates the time duration 
for which the recommendation is valid. The 
Front-End App removes it after that period is 
trespassed. 

• the targeted effect associated with the action 
described in the recommendation 

• Estimations of the resource saving potential 
expressed in different units like the amount of 
kWh saved by performing one recommended 
action or the relative yearly saving when 
repeating this action over a year 

Figure 6 below consists of a screenshot of the Front-End 
App that shows the recommendation view. In the example 
below, current recommendations for an open space floor 
of an office building in Spain are listed. 

Figure 6: Screenshot of the Front-End App 
 

CONCLUSIONS 

So far, the building sector has been assessed as the main 
contributor to world-wide energy use. Although much of 
the energy used is necessary, there is an important amount 
of energy that is wasted or consumed unnecessarily 
through wrong or suboptimal building operation. To 
avoid this phenomenon, we have proposed a 
recommendation system which behaves like an expert 
system based on knowledge rules. The system analyses 
buildings data to identify energy conservation measures 
and provides tailored recommendations to building users 
in order to guarantee an efficient operation. This system 
has been deployed in 12 real pilot buildings and is still in 
testing and evaluation phase.  

The main targets of the proposed system are its 
support to save energy in buildings at a large scale and its 
scalability. It relies on software tools that can be used 
remotely as a service and that run on several platforms. A 
comprehensive monitoring system similar to the one 
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introduced in the paper is necessary to take advantage of 
all the system features and potential. However, the 
recommendation system and the related user interface can 
also be used without such an intensive monitoring system. 
In extreme cases, the proposed system can work without 
an installed sensors system by providing general hints 
instead of detailed recommendations.  

The system can be improved in the future in several 
ways.  For example, the use of BIM models can enhance 
the automation in the configuration of the 
recommendation and monitoring systems. This can enable 
a fully automatic characterization of the building and its 
systems. Indeed, for the moment, the building metadata 
contained in the DBMS must be manually configured for 
each building and consist only of few metadata. 
Accordingly, this implies eroneous or missing metadata 
that can not be processed. An IFC model could be used 
instead as input for a computer program to generate these 
metadata. Moreover, BIM will allow to widely extend the 
set of use cases and potential ECMs by providing much 
more precise information about the building (e.g. exact 
façade orientation, window-to-wall ratio, detailed HVAC 
system properties…). Furthermore, the recommendation 

system could be coupled with model-predictive methods 
relying on simulations for providing more accurate 
recommendations or estimations based on e.g. weather 
forecasts, detailed thermal properties of buildings, etc. 
With regard to energy saving estimations, several 
machine learning methods can be used for enhancing 
accuracy by complex correlations between users actions 
and energy system reactions. Finally, the system will be 
applied as support for fault detection and diagnosis by 
extending the knowledge base with new rules and axioms. 
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ABSTRACT 

Industrial building design is an interdisciplinary task, 
where data and software needed by production planning 
differ from the ones in building design. Constantly 
changing manufacturing systems demand highly flexible 
building structures. To achieve integration and improve 
structural performance a novel parametric multi-objective 
optimisation and decision support (POD) tool for flexible 
industrial buildings was developed. Through an 
experimental study within an interdisciplinary design 
class we have introduced and tested the tool, thereby 
evaluating students satisfaction on people, process and 
technology aspects. Results reveal strengths (quick 
variant studies, performance feedback), limitations (ease 
of use, interoperability) and future developments of the 
POD tool. 

INTRODUCTION 

Industrial building design is a highly complex task, 
involving interdisciplinary teams, processes and a huge 
amount of discipline-specific data. Integrating 
manufacturing system planning into building design is 
challenging (Näser and Wickenhagen 2018) as BIM 
(building information modelling)-based applications in 
manufacturing and interfaces and data exchange between 
the disciplines have been little researched (Ma et al. 
2017). Furthermore, modern industrial buildings need to 
accommodate to constantly evolving manufacturing 
changes but the building’s load-bearing structure is rigid, 
restricting the systems flexibility the most. As the element 
with the longest service life, the structural system has a 
vast impact on the life-cycle performance of production 
systems (Heravi et al. 2017; San-José Lombera and 
Garrucho Aprea 2010). In practice, structural 
considerations enter the design process late and are 
subservient to architectural and production goals, leading 
to suboptimal building structures. Most research and 
models for industrial building design improvement 
address the energy performance (Bleicher et al. 2014; 
Chinese et al. 2011; Gourlis and Kovacic 2016) or 
manufacturing system optimisation (Francalanza et al. 
2017; Kluczek 2017) while holistic models receive little 
attention. Structural optimisation is seldom in the center 
of interest, although maximizing the flexibility of the 

load-bearing structure would prolong the building service 
life, thus reduce life-cycle costs and improve ecological 
performance. There is just a limited number of structural 
analysis methods allowing analysis and visualisation in a 
single environment and usually these tools provide 
feedback only to the structural engineer himself, not 
supporting an integrated performance improvement 
(Mueller and Ochsendorf 2015).  
With upcoming sustainability requirements in building 
projects, a more integrated practice and focus on early 
design stages arises, enabling simultaneous collaboration 
of multiple disciplines offering real-time decision making 
support (Zanni et al. 2016). A high fragmentation of 
design processes disables the communication and 
management of complex design decisions and the 
information of the decision impact on the overall project 
performance (Boujaoude Khoury 2019). However, 
traditional building design and production planning 
processes are highly complex and run consecutively, 
lacking in feedback loops.  
Parametric modelling in combination with performance 
analysis tools allow the quantitative and qualitative 
investigation of a variety of design options, assisting 
decision making at early design stage. Combined with 
multi-objective optimisation algorithms multiple designs 
can be automatically generated and evaluated, identifying 
best scoring design solutions (Harding et al. 2012). 
Interdisciplinary design optimisation techniques, 
integrating modelling and simulation technologies, such 
as BIM, parametric modelling, simulation and 
optimisation  algorithms, have the potential to generate 
high performance building designs. However, it is not 
commonly used in current design practice and often 
limited to academic research (Rahmani Asl et al. 2015). 
Iterative design towards performance improvement 
requires the availability of methods and tools that can be 
easily used by designers, covering the selected 
performance criteria. However, this entails that BIM and 
performance-based simulation methods are compatible so 
that they can be effectively used in the design process to 
optimise multiple performance aspects at different stages 
of the design process (Jung et al. 2018).  
With the introduction of parametric modelling tools and 
visual programming in CAD software the interest in 
generative design is increasing. Using optimisation 
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methods and visual programming languages in early 
design stages can be useful for making interdisciplinary 
stakeholders better understand and receive improved 
building results. However, a parametric design approach 
still has limitations, as scripting languages are 
fundamental for implementing generative design systems 
(Celani and Vaz 2012). Efforts have been made in both 
academia and practice, educating architects and engineers 
to increase knowledge for computational design through 
visual programming. Yet, many practicing architects and 
engineers do not have the background knowledge, interest 
or time resources to code by themselves and designers, 
professional and academic, depend on existing software 
to suit their needs, although these tools may not exactly 
cover the requirements (Brown et al. 2020).  
Our hypothesis is, that a parametric multi-objective 
optimisation and decision support (POD) tool for 
automated structural and layout optimisation in industrial 
building design, integrating production planning, 
improves interdisciplinary cooperation, the design 
process and the design results to generate flexible 
industrial buildings in two ways: 
1) By integrating stakeholder in a digital interdisciplinary 
platform, supporting collaborative decision making at 
early design stage. 
2) Through a tool itself, which automatically analyses and 
optimises the building load-bearing structure according to 
the production layout, providing real-time feedback on the 
structural performance and fast impact exploration of 
different design decisions. 

The POD Tool 

The POD tool is developed within the funded research 
project BIMFlexi. The aim of BIMFlexi is to integrate 
production planning into building design by developing 
an integrated BIM-based digital platform for early design 
stage (Reisinger et al. 2020b). The POD tool is part of the 
digital platform, enabling structural performance based 
industrial building design and optimisation, striving for 
maximum flexibility to increase economic and 
environmental building performance in long-term. The 
POD tool aims to support in interdisciplinary decision 
making by allowing design teams to efficiently 
collaborate, understand discipline-specific goals and 
carry out fast variant studies. The POD tool framework, 
presented in Reisinger et al. (2020a), is based on the 
parametric modelling software Grasshopper for Rhino3D 
(McNeel 2020) for geometry generation and the 
Grasshopper components Karamba3D for structural 
performance simulation (Preisinger and Heimrath 2014) 
and the generative solver Galapagos for multi-objective 
optimisation of the structure and layout (Rutten 2013). A 
possibility is created to consider production layout 
planning in structural design with automated flexibility 
assessment of the building’s structure and layout. The aim 
of this paper is to test and evaluate the developed POD 
tool and thus to increase its applicability by identifiying 
potentials for improvement. 

Experimental Study: Goal and Scope 

In order to test the developed POD tool, we have 
conducted an experimental study within an 
interdisciplinary student design course at TU Wien, which 
took place in the winter semester of 2020 with students of 
architecture and civil engineering. The aim of the 
experimental study is to (a) evaluate the benefits and 
improve the POD tool and (b) identify potentials for the 
optimisation of process-integration in industrial building 
design through the use of the POD tool. 
Thereby we adress the following research questions: 
Q1) Can a parametric structural analysis and 

optimisation tool designed for early industrial building 

design support interdisciplinary teams in efficient 

collaboration and provide effective decision making 

support?  

Q2) Who is the primary beneficiary of the tool - civil 

engineers or architects; or is the benefit equal?  

This paper is structured as following: In the next chapter 
we present the design and the structure of the empirical 
study (interdisciplinary design course), the team structure 
as well as the POD tool test framework. In the third 
chapter we present the results of the study obtained 
through quantitative and qualitative analysis of post-
questionnaires and protocols. In the fourth chapter we 
summarise and discuss the results and concludingly, we 
draw the conclusion for the practical application of the 
POD tool as well as for the future research. 

EXPERIMENT DESIGN 

Interdisciplinary teaching can deepen both learning and 
teaching, aquiring a clearer holistic picture of complex 
systems in nature, society and real life (Karppinen et al. 
2019). The employed methodology is based on empirical 
research, using an experimental study within an 
interdisciplinary design class involving 24 students (16 
architects and 8 civil engineers). In order to answer the 
research questions, thus to verify and evaluate the POD 
tool in terms of  

• Satisfaction on people and process level - 
potential of the tool to support collaboration, 
process and teamwork  

• Satisfaction with technology - ease of use, 
usefulness and interoperability 

we have conducted a simulation of an integrated design 
process supported by the POD tool within the 
interdisciplinary student design course “Integrated BIM 

Design Lab”. The eight teams, two architects and one civil 
engineer per team, employed the following software: 

• The POD tool for early stage structural design 
and multi-objective optimisation. 

• Graphisoft ArchiCAD (Graphisoft 2020), as 3D 
BIM tool for architectural post-processing of 
the optimised structure. 

• Dlubal RFEM (Dlubal 2021) as finite element 
modelling (FEM) tool for detailed structural 
analysis after parametric optimisation. 
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Students were experienced with the BIM tool ArchiCad 
(architects), and the finite element modelling software 
Dlubal RFEM (engineers) but were not familiar with 
parametric modelling in Rhino3D, nor with any visual 
programming language or optimisation theory. The 
introduction into optimisation and decision making theory 
was conducted in a single session and the introduction to 
visual programming language was conducted in two whole 
day sessions. Additionally, the students became tutorials 
on BIM modelling and data and model exchange from 
parametric to BIM and vice versa in a one day course. 
After the introduction of each technique the students were 
given about two weeks to develop a design proposal for 
the design task of a real industrial production project from 
packaging industry, consisting of the functional building 
and production program and the site plan with property 
requirements (see Table 1). The assignment also included 
consideration of future changes in use in the variant study.  

Table 1: “Integrated BIM Design Lab” class assignment of the 

production building and the optimisation framework 

Buildingy Type Production Hall 

Gross area 1700 m² 

Location Innsbruck, Austria 

Decision Variables Objectives 

v1 Structural system type f1 Minimum net cost of 
construction (€/m²) 

v2 Construction material  f2 Maximum free room 
height 

v3 Axis grid (x- and y-) f3 Minimum column 
amount (max. span width) 

v4 Clear room height (z-)  

 

The design process of the conducted experiment and the 
assessed POD tool is presented in Figure 1. Data and 
information for building and production planning of the 
given industrial building design task, as well as the 
assessment criteria for optimisation is compiled as input. 
Within the processing phase the POD tool is used, aiming 
for structural and layout optimisation, fast variant study 
generation with real-time performance feedback and 
decision making support. For pre-processing the best-
scored design solution of the optimised layout and 
building structure is transferred to the BIM and FEM 
modelling software in order to generate a detailed 
integrated industrial building design model.  

RESULTS 

The conducted study was evaluated through quantitative 
and qualitative survey based on the evaluation of post-
questionnaires and weekly protocols compiled by the 
students. On the one hand the questionnaires included 
inquiries related to the satisfaction working with the POD 
tool in terms of process, outcome and collaboration and on 
the other hand the satisfaction according to the technology 
acceptance model (TAM) of Davis (1989), including 
satisfaction with ease of use, useability and 
interoperability. The qualitative evaluation was carried out 
in form of open questions at the end of the questionnaire, 
regarding questions about suggestions for improvement in 
terms of process, collaboration and interdisciplinary 
decision making, and suggestions for improving the 
technology of the tool.  
 
 
 
 
 
 

Figure 1: The interdisciplinary industrial building design process within the conducted experiment and scope of the paper. 
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The post-questionnaires assess the satisfaction working 
with the POD tool regarding to: 

• process (e.g.:“The tool helped me to perform my 

tasks efficiently.”) – 4 questions 
• outcome (e.g.:“The tool aims that the goals I 

have set have been achieved.”) – 4 questions  
• collaboration (e.g.:“The tool supported effective 

team communication and collaboration”) – 4 
questions . 

while the tool specific questions where related to: 
• ease of use (e.g.:“The tool increases my 

productivity.”) – 6 questions  
• useability (e.g.:“In total I think the tool is useful 

for decision support tasks.”) – 6 questions  
• interoperability (e.g.:” Overall, I think the tool 

is compatible with other systems.”– 6 
questions. 

These latent constructs where measured by multiple items 
on a 5-point Likert scale ranging from low/disagree (1) to 
high/agree (5). After examination of the quality of scale 
using Cronbachs α, the median per construct was built and 
the evaluation was carried out according to the discipline 
of architecture and civil engineering each as well as over 
both.  
The overall quantitative results of the questionnaire 
evaluation (all eight teams clustered per discipline) are 
presented in Figure 2 for work satisfaction and in Figure 3 
for TAM.  
Figure 2 shows that there is a tendency that architects rank 
the satisfaction working with the POD tool higher than the 
civil engineers. The architectural students rate the 
satisfaction with the process and the outcome both with an 
average of 3,9 and the satisfaction with collaboration with 
an average of 3,8. Meanwhile, the civil engineers rate the 
satisaction with the process with an average of 3,6, with 
the outcome with 3,7 and with the collaboration with 3,0.  
 

 
Figure 2: Evaluation of satisfaction with process, outcome and 

collaboration working with the POD tool per discipline 

Figure 3 presents the evaluation results of the TAM 
survey. Within the the tool specific survey architects rank 
the technology of the POD tool slightly higher than their 
civil engineering colleagues. The architectural students 
rate the ease of use with 2,7, the usefulness with 3,7, and 
the interoperability with 3,1. While the civil engineers 

assess the ease of use and the interoperability with 2,5 and 
the usefulness with 3,0.  

 
Figure 3: Evaluation of the POD tool technology per discipline: 

ease of use, usefulness and interoperability 

Figure 4 presents the evaluation of work satisfaction and 
technology with the POD tool over both disciplines. 
Regarding the evaluation of satisfaction working with the 
tool, the evaluation results reveal that the process 
satisfaction is perceived as the category with the lowest 
performance, rated in average with 3,5. The satisfaction 
with the process and the outcome are both rated in average 
with 3,8. Ease of use (2,7) and interoperability (3,0) is 
perceived for both disciplines as the categories with the 
lowest performance within the TAM survey. Meanwhile, 
the usefulness of the tool is rated by both disciplines with 
3,6. 

 
Figure 4: Evaluation of technology and satisfaction with the 

POD tool over all disciplines 

Additionally, the students were asked if they have previous 
experience with parametric modelling and computational 
tools as well as experience with optimisation and decision 
making support tasks. The engineers, who rated the POD 
tool in both terms work satisfaction and technology 
slightly lower than their architectural colleagues, indicated 
that they had almost no experience in computational 
design and optimisation. 67% of the civil engineers has 
never worked with parametric software and modelling and 
75% lack in experience of optimisation and decision 
support theory. The architects already gained more 
experience in these areas - 36% are experienced with 
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optimisation and 16% with parametric modelling. (see 
Figure 5).  

 
 

Figure 5: Disciplines experiences with computational design 

and optimisation 

However, the qualitative questions asked at the end of 
the survey and received from the protocols reveals, that 
once the students had understood the parametric script and 
implemented the interfaces to BIM successfully, they felt 
benefits in process and design improvement - e.g.:“The 

ability to integrate structural design early in the design 

process has brought benefits to my architectural 

concept”(architectural student).“The early integration of 

strucutral analysis into the design process has brought 

advantages for the structural design of the hall and a 

reduction of workload through quick variant studies”(civil 

engineering student). “I now better understand the impact 

of my design decisions on the load-bearing structure”. 

However, a majority of the study participants recommend 
to “offer more training on parametric modelling and 

optimisation in advance to increase the applicability of the 

POD tool”. Furthermore the qualitative study reveals, that 
the POD tool can support in interdisciplinary decision 
making but “an additional information and data exchange 

strategy has to be set up within the team at the beginning 

of the project” in order to be able to work efficiently with 
the tool. Students also recommend “the development of a 

graphical interface to make the tool more applicable in 

practice”. 

DISCUSSION 

The POD tool aims to support in structural and layout 
optimisation and interdisciplinary decision making in 
integrated industrial building design. Results confirm our 
hypothesis, that the integration of the tool supports 
interdisciplinary design teams in collaboration. There is a 
tendency that architects rank the satisfaction working with 
the POD tool higher than the civil engineers, since their 

design draft profits from the early structural analysis 
integration and the design decision feedback. The use of 
the POD tool in the early design stage allowed efficient 
cooperation within the teams, enabled a fast exploration of 
design decisions and provided real-time feedback on the 
structural building performance. In some cases, there was 
dissatisfaction within the interdisciplinary team 
environment, regarding the distribution of tasks and 
resources. The qualitative evaluation revealed that within 
the teams mainly civil engineers were assigned with the 
investigation and application of the POD tool. Especially 
the engineering discipline was responsible for the interface 
development of bi-directional coupling of the POD tool to 
the BIM and FEM software. Students from civil 
engineering where more overwhelmed and would have 
expected more support from their architectural colleagues. 
A well defined process strategy in allocation of tasks is 
still necessary prior working with the POD tool. 
The POD tool is developed, carrying out structural and 
layout optimisation automatically according to the design 
optimisation goals of minimum costs and maximum 
flexibility. A careful team communication before starting 
the design process, defining discipline-specific and overall 
goals is necessary in order to successfully work with the 
tool. The participants of the study pointed out the 
importance of assigning aligned weightings of single 
objectives within the team. An additional proper design 
discourse besides using the tool is inevitable, so a 
communication strategy has to be set up in advance.  
However, ease of use and interoperability is perceived for 
both disciplines as the categories with the lowest 
performance within the TAM survey. The identified lack 
of interoperability is resulting in the task given, that the 
students where responsible for developing the bi-
directional interface from the POD tool to the BIM and 
FEM software by themselves in the experiment. This task 
was new for most of the participants and required exposure 
to new tools and working methods, not common in regular 
design processes and universitary teaching. The student’s 

lack of prior optimisation and visual programming 
knowledge revealed that the tool is not yet self-
explanatory and difficult to apply without prior 
knowledge, requiring learning and practice time of the 
users. 
Digital communication was a major topic in the qualitative 
evaluation. Due to the Covid-19 situation the 
interdisciplinary course had to be carried out fully in 
remote modus. A large part of the participants found the 
online teamwork difficult. Constant exchange with the 
team members was described as essential, but difficult due 
to the online remote learning and teaching.  

CONCLUSION 

University graduates are introducing parametric design 
into practice as a method that is in most cases new to 
practical working contexts (Holzer 2015). Testing the 
POD tool in interdisciplinary academia environment seeks 
to bring further application of parametric design 
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exploration methods in practice. Due to the greater level 
of coding accessibility within parametric design  compared 
to raw coding for pracitioners, the POD tool offers a 
computational and visual programming framework as 
viable medium for structural industrial building design 
exploration. The experimental study revealed that 
although there is already increased recognition and 
awareness of computational design among trainees, the 
supply and knowledge about computational design and 
optimisation tasks is not yet sufficient. In order to achieve 
a broader and more efficient application of parametric 
optimisation solutions, more attention should be paid to 
this in teaching, since these are the new generation in 
practice. Results of the study point out that the POD tool 
is not yet self-explanatory and challenging to apply 
without prior parametric design and optimisation 
knowledge and additional training time is needed.  
However, the integration of discipline-specific design 
elements and goals from production planning, 
architectural and structural design within the POD tool 
enabled the interdisciplinary teams to carry out rapid 
variant studies, simultaneously respecting needs from 
other disciplines to develop building designs which focus 
on flexibility. The use of the tool helped to understand 
discipline-specific interdependencies, associated 
construction needs and to deeper understand the impact of 
decisions on the structural building performance. The 
possibility of the tool to support interdisciplinary working 
environments, getting more exposure to the concerns of 
other disciplines in early conception and the possibility to 
ease the information flow streamlines cooperation 
between architectural and engineering designers. 
Primary beneficiaries of the POD tool were the architects, 
rating the tool better than their engineering colleagues. The 
civil engineers rate the POD deployment as good, but see 
potential for improvement in terms of ease of use and 
interoperability.  
Finally, we see the hypothesis confirmed that the POD tool 
is useful for interdisciplinary collaboration and decision-
making in early integrated industrial building design; 
however the process requires still intensive 
communication and prior knowledge in parametric and 
computational design.  
Future research will focus on the simplification of 
processes and the improvement of the handling regarding 
interoperability and ease of use of the POD tool, which 
will then be tested with experts from practice. 
Additionally, methods will be developed to couple the 
POD tool to a multi-user virtual reality (VR) platform to 
further streamline interdisciplinary decision making 
through collaborative visualisation support. 
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ABSTRACT 

Building information modeling implementation has 
brought forward the development of planning guides, or 
BIM Execution Plans (BEP), which support teams in 
identifying implementation steps and the stakeholders 
responsible for generating and managing information. 
However, numerous BEP templates that exist present a 
challenge when choosing the guide that can fit every 
need. With this study, the authors aimed at evaluating a 
small sample size of BEPs and suggest essential 
guidelines that must be followed when developing a BEP. 
With this early study, the authors hope to open a new 
avenue of research in identifying the next steps in BIM 
planning. 

INTRODUCTION 

Building Information Modeling (BIM) is a technology-
based management process that enables architecture, 
engineering, construction (AEC) professionals to 
collaborate effectively during the design, construction, 
operation and maintenance of a facility (Sacks et al., 
2018). BIM has been steadily increasing its demand 
among the AEC industry. The most notable uptake of 
BIM has been projected to take place between 2017 and 
2019. According to Dodge Data and Analytics (2017), by 
2019 a high implementation of BIM is projected to reach 
61% and expected to increase within the next five years. 
With the increased BIM adoption, standards and 
guidelines are being developed to identify the uses, goals, 
and processes and to ensure that all parties are aware of 
project requirements and responsibilities (Kreider, Dubler 
and Messner, 2012). One procedure to ensure that all 
parties are in agreement of project requirements and 
responsibilities is by developing a BIM Execution Plan 
(BEP). A notable BEP template in the industry is the 
Penn State BIM Project Execution Planning Guide - 

Version 2.1 (Computer Integrated Construction Research 
Program, 2011). Penn State has laid out the fundamental 
BEP steps and procedures that projects and organizations 
should use or build upon to implement BIM to create 
value. While Penn State’s BIM Project Execution 

Planning Guide is widely adopted, there are several BEP 
templates that a project team can choose from. This 
variety of BEPs presents a challenge to the project team 
to choose the guide that best fits their needs. With this 

study, the authors aimed to evaluate a small sample size 
of BEPs to identify the standard guidelines and 
requirements found in each guide. To perform this 
analysis, the authors used the Penn State BEP as a 
baseline. By performing this analysis, the authors 
suggested then the essential guidelines that must be 
followed when developing a BEP. 

ANALYSIS OF EXISTING BIM 

EXECUTION PLANNING GUIDES 

Survey of BIM Plans and Guides 

To analyze various BIM Execution Plans and Guides 
against a baseline BEP, a search was done first through 
Google Scholar, Library Databases, Science Direct, and 
Google. The majority of the BEPs were found using 
Google, with a few successful finds through Google 
Scholar. Initially, the search produced far more 
international BEP variations, rather than those in the U.S. 
A brief review of the international BEPs yielded 
numerous results dense with information. However, it 
was decided early during the research to focus on BEPs 
used in the U.S. to be consistent when comparing with a 
baseline BEP. A comparison to the EN ISO 19650 was 
also performed as an early step of future research when 
looking at the international BIM implementation context. 
The final search engine, Google, produced the most finds, 
although different variations of BEPs wording was used 
to find sufficient quantities to analyze. The most 
successful search phrases used were “BIM Execution 

Plan”, “BIM Execution Plan Guides”, “BIM Execution 

Plan Template", and “BIM Templates”.  
For each search, Google query expansion was also 

used in search of any relevant guide. Ultimately, the 
“BIM Execution Plan Template” phrase yielded the most 

finds, especially when sorting through all the 
international and domestic guides for review. For future 
research, international BEPs will be analyzed, beyond the 
EN ISO 1950 standard, to see how they compare with a 
baseline and guides from the U.S. 
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Table 1: BIM Execution Plans for Review 

Organization/ 

Institute/ 
Agency 

Document 

Name 
Publication 

Date 
Document 

Version 

Pennsylvania 
State 

University 
(PSU) - 
Chosen 

Baseline 

BIM Project 
Execution 
Planning 

Guide 

N/A V2.1 

University of 
Southern 
California 

(USC) 

BIM 
Information 
Modeling 

(BIM) 
Guidelines - 
For Design 
Bid Build 
Contracts 

04/18/2012 v1.6 

University of 
South Florida 

(USF) 

BIM Project 
Execution 
Plan for 

Architects, 
Engineers and 

Contractors 

02/12/2018 N/A 

Massachusetts 
Institute of 
Technology 

(MIT) 

MIT Design 
Standards – 

BIM 
Execution 

Plan 

11/01/2016 v6.0 

College of the 
Desert (CD) 

BIM Guide – 
Protocols and 

Project 
Execution 

Plan 

2011 N/A 

Department of 
Veterans 

Affairs (VA) 

The VA BIM 
Guide 

04/2010 v1.0 

Ohio 
Department of 
Administrative 

Services 
(ODAS) 

State of Ohio 
Building 

Information 
Modeling 
Protocol 

N/A N/A 

National 
Institute of 
Building 
Sciences 
(NIBS) 

National BIM 
Guide for 
Owners 

01/2017 N/A 

Smithsonian 
Institution (SI) 

Smithsonian 
Facilities BIM 

Guidelines 
10/2017 N/A 

 

A total of nine BEPs were found (Table 1), including 
Penn State’s, which range from different types of 

organizations, such as universities, community colleges, 
government agencies to education and research institutes. 
The majority of the BEPs are from universities and 

colleges, which were more easily found compared to 
other organizations. All BEP publication dates span 
within the last ten years, with some indicating version 
updates of their guide. 

EVALUATION OF BIM PLANS AND 

GUIDES 

The first step in the research was to choose and evaluate 
the baseline BEP. The authors chose Penn State 
University (PSU) BIM Project Execution Planning, 
Version 2.1. to be the baseline (Computer Integrated 
Construction Research Program, 2011). This first step 
allowed the authors to get a general understanding of the 
content and how the information was structured into 
sections. Then a comprehensive review of the baseline 
BEP was completed, including a summary of all the 
significant components within each section, which can be 
used as guidelines to review the other BEPs. A table was 
created, including the eight major sections found within 
the baseline BEP to record findings of the various BEPs. 
A ninth section was added, which was not part of the 
baseline BEP, and it was labeled “Other Section” to 

record findings not necessarily fitting within the 
prescribed eight sections.  

The following is a general overview of the eight 
sections within PSU to allow the readers to have a 
general understanding of the baseline content with 
respect to the selected BEP to be analyzed: 

 

• Section 1. Overview of the BIM Execution 

Planning Procedure for Building Information 

Modeling – The first section is essentially a high-
level overview of each component that goes into 
creating the BEP. This section includes high-level 
goal questions for a user to consider “why should 

the project develop a BEP?” or “who should 
develop the BEP?” It prepares the user for the 

next sections, which go into detail of the BEP 
development.  

• Section 2. Identify Project Goals and BIM 

Uses – This section describes the first steps in 
developing the BEP, which is identifying project 
goals and BIM uses. PSU utilizes a few charts 
and tables for the user to understand the process 
and to utilize during their own BEP development. 
Some of the charts and tables used describe BIM 
Uses throughout the building lifecycle, Project 
Goals table with priority ranking, an example of 
BIM Use description, and a BIM Use selection 
worksheet example. 

• Section 3. Designing the BIM Project 

Execution Planning Process – This section 
discusses the procedure for designing the BIM 
process for a project. Once the BIM Use is 
identified, then a team develops process maps to 
understand the information exchanges between 
different parties and different stages of the 
project. The overview map aids in defining 
process sequences so that parties understand what 
is expected and their responsibilities.  
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• Section 4. Developing Information Exchanges 

– Once the processes are mapped, the task is to 
identify points of information exchanges for the 
parties to understand what information is 
necessary to deliver each BIM Use. This section 
walks the user through five steps breaking down 
the information further while utilizing a 
worksheet. The worksheet breaks the model 
down to various elements by the BIM Use 
indicating information and the responsible party. 

• Section 5. Define Supporting Infrastructure 

for BIM Implementation – This section helps 
the teams identify the infrastructure required to 
support their BIM process. There are fourteen 
categories that are discussed to support BEP and 
can vary between projects. These categories are 
meant for project teams to discuss and develop 
their individual BEP requirements. 

• Section 6. Implementing the BIM Project 

Execution Planning – Discusses a method for 
project teams to develop the BEP through a series 
of meetings and subsequent tasks. The section 
outlines four meetings and tasks to be completed 
to maintain momentum in the developmental 
process.  

• Section 7. BIM Project Execution Planning for 

Organizations – This section guides an 
organization how to use BIM by internally 
evaluating what their BIM intentions are to 
develop internal standards. Then a re-discussion 
of Sections 2 through 5 at an organizational level 
with standards developed can then be 
implemented when developing the BEP for future 
projects. 

• Section 8. Conclusions and Recommendations 

– Discusses ten lessons learned from case study 
projects and organizations that have implemented 
BEP. 
 

Similar to the first step, the second step was to initially 
review each of the eight BEPs for a basic understanding 
of the content and general layout of the information. The 
second and third review of the BEPs was a thorough 
review of each section and the main components. What 
each section detailed, how it compared to the baseline, 
where it aligned with the baseline BEP section, and 
lastly, checking if all findings were recorded in the 
appropriate baseline section. PSU BEP provides a high-
level approach to the development of BEPs by providing 
a detailed description of the who, what, when, and how 
BIM must information flow. Therefore, the PSU BEP is a 
document that provides guidelines in incorporating BIM 
or those who are either unfamiliar with the process or 
need the fundamental knowledge to develop a plan. 
When comparing the University of Southern California 
(USC) BIM Guidelines v1.6 (2012) with the PSU BEP, 
there are similarities in providing guidelines for BIM 
processes, modeling requirements, and addressing a few 
of the categories in PSU section 5, Define Supporting 
Infrastructure for BIM Implementation.  

USC BEP, however, differs from PSU BEP by 
providing direct and concise guidelines to be used for 
design bid build contracts. There are two main core 
sections in the guide that differ from the PSU BEP. One 
is Section 6, Design Phases, which identifies four phases 
in a project: schematic design, design development, 
construction documents, and bidding phase. Each phase 
outlines the model content, level of detail, program 
validation, and collision detection to bid deliverables. 
The second difference is Section 7, Construction Team: 
BIM Process and Modeling Requirements. This section 
outlines the BIM process and university standards for the 
construction team. It also illustrates how to facilitate the 
model between parties once the contractor/subcontractor 
has been awarded the project. The guide provides a 
general process map to demonstrate the flow of 
information. This process map is color-coded by 
stakeholders, and it shows the interaction of information 
between USC, the design team, and the construction 
team. USC BEP thus appeared to be more of a standard 
rather than a guideline, which could be inserted or 
referenced into Architecture/Engineer agreement services 
or the contract documents between the owner and the 
contractor. 

University of South Florida (USF), BIM Project 
Execution Plan Template (2018) begins by providing a 
brief introduction, uses, general requirements, and critical 
roles. This section is similar to the PSU BEP Section 
One-Overview of the BIM Execution Planning Procedure 
for BIM but abbreviated. Most of the guide comprises 
templates to be filled-in and reference charts to use 
throughout the BEP process. Two templates resemble the 
content provided by the PSU BEP. The first is “4.1 Major 

BIM Goals/Objectives,” which is identical in format to 

PSU “Project Goals,” and the other is “4.2 BIM Uses,” 

which is identical content to PSU “Figure 2.1: BIM Uses 

throughout a Building Lifecycle”. The rest of the USF 

template, similar to USC, is broken into a design and 
construction phase and goes as far as to provide a project 
closeout section, all of which outline objectives, roles, 
and responsibilities for each phase. The design and 
construction phasing sections dovetail into the Level of 
Development (LOD), and BIM collaboration, procedure, 
and management sections as a teamwork their way 
through the project. Overall, this template is a 
manageable document to review and implement, as it is 
under thirty-five pages in length. 

The Massachusetts Institute of Technology (MIT) 
BEP (2016) replicates the format and most of the content 
of the USF BEP. The entire plan is composed of 
templates and charts with minimal explanation 
throughout the plan. The similarity to PSU BEP is in the 
same two templates that USF uses, BIM Uses, and 
Project Goals. The MIT BEP includes a process map for 
BIM model exchange to provide an overview diagram of 
the model information at each phase. This diagram starts 
at the design phase, leading to construction and ending 
with the project's operation. Though this process map 
resembles the PSU BEP process maps, the format is 
simplified to guide the users. Section 6, Model Transition 
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Process Diagram, also suggests modifying the process 
map based on project specifics and requirements. MIT 
BEP is probably one of the shortest and streamlined plans 
reviewed from the universities and college BEPs. The 
MIT BEP eliminates general complexity and provides a 
user's plan to engage from the beginning of the process to 
execute BIM throughout the project. 

The BIM Guide for the College Desert (CD) (2011) 
provides a slightly more detailed explanation in its 
sections, compared to the last two reviewed guides, 
followed by templates located in the appendix. The guide 
itself consists of categories that are similar to the PSU 
BEP, Chapter 5 – Figure 5.1: BIM Project Execution Plan 
Categories, to which the college provides its own 
definition for these categories. There are a couple of 
differences to note in the CD guide. One is, the CD BEP 
references the AIA E202 BIM Modeling Protocol to 
define their Level of Development (LOD) 100 through 
500, which is to be used during the design phase. The 
other difference is that the CD BEP provides a Contract 
Strategies section where three common strategies are 
defined and loosely identifies how BIM is implemented 
within each of these contract types. 

Moving forward to the Federal Government, the 
Department of Veterans Affairs (VA) (2010) BIM Guide 
has similarities with PSU BEP Chapter 5, Define 
Supporting Infrastructure for BIM Implementation 
categories. The VA provides concise and thorough 
informative sections from outlining responsibilities, 
technology infrastructure requirements, BIM uses, to 
quality control. It also provides information not 
necessarily addressed in PSU BEP, such as: construction 
bidding requirements; utilization of Construction 
Operations Building Information Exchange (COBie) and 
commissioning; BIM 4D to illustrate phasing plan and 
schedule planning to communicate with trade partners; 
and virtual testing and balancing. Additionally, the VA 
BEP provides a section regarding acquisition strategy, 
which discusses different project delivery methods that 
should be identified early to set up the project correctly 
and to monitor progress. The last section of the VA BEP 
is a list of credits that contributed to creating their guide. 
It appears that the VA BEP utilized information from the 
National Institute of Building Sciences (NIBS), later 
included in this study, and Los Angeles Community 
College District. The Los Angeles Community College 
District standards are based on the National Building 
Information Standards (NBIMS) and reference 
technology standards developed by the General Services 
Administration (GSA) and the US Army Corps of 
Engineers (USACE) (General Services Administration, 
2007; United States Army Corps of Engineers, 2010). 

The State of Ohio (ODAS) BEP (2011) is a simple 
guide consisting of three sections: 1) Statement of 
Purpose, 2) The Protocol and, 3) Implementation. The 
first section provides a brief overview of what BIM is, 
how it is used, and who uses it. A general overview of 
technology mapping to organize electronic information is 
similar to the PSU BEP Section 3, Designing the BIM 
Project Execution Planning Process. At the end of the 

first section, ODAS BEP discusses BIM goals that will 
assist current and future ODAS BIM protocols. The goals 
are further specified as immediate, short term, midterm, 
and long-term goals. The second and third sections 
borrow from the PSU BEP categories in Section 5, 
Define Supporting Infrastructure for BIM 
Implementation. The ODAS BEP has chosen to separate 
specific categories between the Protocol and 
Implementation sections. In the Protocol section, the 
ODAS BEP is defined as serving a foundation or 
structure for BIM implementation. The Protocol section 
discusses a model to use and management, data 
requirements, RFQ for BIM requirements, and 
compensation expectations. Meanwhile, the 
Implementation section discusses the level of 
development and deliverables. The ODAS BEP indicates 
it has no specific standard, but rather it provides 
information that could be used on projects associated 
with the state for those project teams that need guidance 
when requesting “qualifications, agreements, bidding 

requirements, contracts and other documents affected by 
this new medium and process”. 

Similarly to the ODAS BEP, the National Institute of 
Building Sciences (NIBS) (2017), National BIM Guide 
for Owners, is a relatively simple guide that includes four 
sections: 1) Introduction, 2) Process, 3) Infrastructure and 
Standards, and 4) Execution. The Introduction section 
provides a general overview of the owner’s perspective 

on managing projects. The majority of the next two 
sections address PSU categories in Section 5, Define 
Supporting Infrastructure for BIM Implementation. For 
its Process section, NIBS utilizes information from the 
PSU BEP, Section 1 Overview of the BIM Execution 

Planning Procedure for Building Information Modeling. 
Similarly, NIBS uses the PSU BEP BIM Project 

Execution Planning Procedure chart to describe their 
BIM planning process. In their last section, NIBS 
predominately describes BIM Uses by leveraging the 
categories from the PSU BEP. NIBS then provides 
definitions to the BIM Uses and indicates that the uses 
should be applied to all their projects. NIBS indicates that 
the last three sections are the minimum BIM standards 
that should be utilized on a project. 

The last BEP review is the Smithsonian Institution 
(SI) (2017), Facilities BIM Guidelines, a concise and 
detailed guide again lending the majority of its categories 
from the PSU BEP Section 5, Define Supporting 
Infrastructure for BIM Implementation. As the title 
indicates, it is a guide rather than a BIM Execution Plan. 
It focuses primarily on the model requirement, level of 
detail (LOD) for each project phase, templates, standards, 
and deliverables. A brief section discusses BIM Goals 
and Uses from the perspective of an existing building for 
the project team to consider when developing their 
project execution plan. Overall this guide is meant to be 
used to implement SI standards. Some key processes and 
project deliverables are consistent for all their projects, 
incorporated into BEP for individual projects. 
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Comparison to EN ISO 19650 

The analysis of the selected BEPs cannot be separated 
from a comparison with the EN ISO 19650 standard, 
which currently has an internationally recognized value. 
The focus in this case is on the information delivery cycle 
that must follow pre-defined exchange information 
requirements (EIR). EIR set out managerial, commercial, 
and technical aspects of producing project information, 
including information standards and production methods 
to be implemented by the delivery team, being aligned 
with trigger events representing the completion of some 
or all project stages. The delivery team then must develop 
their BIM execution plan as a response to the exchange 
information requirements as “it explains how the 

information management aspects of the appointment will 
be carried out” (ISO, 2018). According to the EN ISO 
19650 standard, the BIM execution plan’s structure 

should include: (1) the proposed members who will 
undertake the information management function on 
behalf of the delivery team;  (2) the proposed information 
delivery strategy containing the (a) delivery team’s 

approach to meeting the appointing party’s EIRs; (b) a set 

of objectives and goals for the collaborative production 
of information; (c) an overview of the delivery team’s 

organizational structure and commercial relationships; (d) 
an overview of the delivery team’s composition, in the 

form of one of more task teams. Moreover, the BIM 
execution plan should include the (3) proposed federation 
strategy to be adopted by the delivery team; (4) the 
delivery team’s high-level responsibility matrix, 
containing the allocated responsibility for each element 
of the information model and the key deliverables 
associated to each element; (5) any proposed additions 
and amendments to the project’s information production 

methods and procedures that the delivery team requires to 
manage information as well as to (6) the project’s 

information standard; (7) a proposed schedule of 
software, hardware and IT infrastructure the delivery 
team intends to adopt.  

From a preliminary comparison of the EN ISO 19650 
standard with sections outlined in the baseline PSU BEP, 
it emerges how the focus should be first on management 
sections rather than technical ones, pushing the idea of 
BIM as a set of procedures and not only to adopt 
technologies. Moreover, the role of a clear definition of 
BIM uses and goals, defined since the beginning of the 
BIM execution plan in both the cases, results to be 
pivotal to manage the information delivery cycle 
effectively stressing the need for well-defined workflows 
and clearly established levels of information need. 

PROPOSED BIM GUIDE STRUCTURE 

After analyzing the nine BEPs and the BIM execution 
plan’s organization as proposed in the EN ISO 19650-
2:2018 standard, a fundamental understanding was 
achieved of the similarities and differences against the 
PSU baseline and other BEPs’ structure.  It allowed for a 
further evaluation of which sections conveyed a thorough 
description and is well developed for implementation on 
projects. This stems from the idea of creating an outline 

using the various parts of all nine BEPs as a proposed 
update to the BEP. It is composed of existing BEP 
sections considered as fitting, best suited for actual 
projects, and perhaps in the future could be further 
expanded. The relevant sections were selected based on 
three factors: design project management, industry best 
practices for contracts and project lessons learned. These 
factors were selected based on past project experience on 
common areas lacking through the most projects that 
could have been proactively addressed before 
commencing a project to avoid conflict or confusion. 
Each of these factors is discussed in detail below, and the 
team describes how they will be reflected in the future 
BIM guide. 
 

• Design Project Management. American 
Institute of Architects (AIA) is a professional 
organization for architects in the United States. 
AIA provides many resources for architectural 
professionals to utilize, such as education, 
advocacy, events, best practices, and contract 
standard forms, to name a few of their services. 
AIA publishes “The Architect’s Handbook of 

Professional Practice,” in which many design and 

construction projects modeled their project 
requirements, mainly publicly funded projects 
(Hayes, 2014). The handbook provides a chapter 
on managing the design phase of projects and 
what deliverables are required, by adhering to the 
following design phases: planning, schematic, 
design development, construction document, and 
bidding. Each of these phases, respectively, has 
its deliverables and level of information needed 
to proceed to the next design phase. In reviewing 
the BEPs, several organizations included 
deliverables for each design phase as part of the 
BEP. This is a crucial component in managing 
design development and maintaining the overall 
project schedule by providing the required 
development at each phase for review and 
revisions. It breaks down the whole process into 
tangible sections to manage, track, ultimately 
approve progress and payment of the 
consultant/contractor work performed. The 
inclusion of design phases within the BEP assists 
with the overall design management of a project. 
Without an outline of deliverables or directions 
provided, managing expectations will be 
increasingly difficult. For this reason, the updated 
BEP includes the breakdown of the design phase 
leading up to bidding (depending on the delivery 
method) into the construction phase and finally 
completing the project with the closeout phase. 

• Industry Best Practices for Contracts. Contract 
management is another topic to consider in the 
proposed BEP. Executed contracts are legally 
binding and should be addressed within the BEP 
to indicate the type of contract(s) and the 
requirements to adhere to and enforce them. 
Contracts include various terms or clauses, 
including responsibilities and services, 
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termination, fee and payment method, and 
exhibits. Typically, contracts on publicly funded 
projects are more stringent than privately funded 
and may utilize contract exhibits to include or 
reference their project standards. Referencing or 
adding the owner's standards within a contract 
provides an opportunity for BEP inclusion, which 
communicates the project requirements and 
deliverables. Taking this proactive approach and 
developing their own BEP rather than being silent 
in a contract or leaving it to other parties' hands, 
provides specifically the requirements to be 
implemented and managed throughout the 
project. The proposed BEP includes a section to 
address project delivery strategies and contracts. 
Providing the BEP delivery strategies and 
contract section is essential in managing the 
project and for all key team members to 
understand the project strategy from the 
beginning stages. 

• Project Lessons Learned. The final topic 
considered is the project’s lessons learned. This 

topic may, at times, seem like an unrated topic 
when managing projects but is a potent 
knowledge-building tool that can help refine and 
improve areas that were missing or lacking 
further development that caused significant 
issues. It was evident that the point of lessons 
learned is to avoid repeating these mistakes on a 
future project. According to Seed (2015) 
capturing these lessons learned before it is lost is 
vital. Having an audit of a past recent project to 
revisit issues and record them before moving 
forward with another project may help avoid 
conflict. The Royal Institution of Chartered 
Surveyors (RICS) indicates “common causes of 

project failures are: failed project planning, 
management, clear objectives, lack of 
understanding scope, lack of ownership or 
procedural issues,” to name a few (Schulte, 2000; 
Herald, 2007). These issues lead to undefendable 
contract documents, mismanaged expectations, or 
lack of clarity in contracts leading to additional 
project time and costs. By providing a well-
developed and clear BEP, it can aid in avoiding 
most project issues. The proposed BEP outline 
sections were selected based on well-developed 
sections with clear intent. However, lessons 
learned should be incorporated within the BEP to 
record any issues encountered in future projects. 
Similarly, PSU Section 8 – Conclusion and 

Recommendations concludes their BEP by 
reporting ten recommendations based on projects 
implementing their procedures that would 
potentially improve their BEP for future uses. 

 

Based on the three factors mentioned above, the team has 
proposed a new outline for comprehensive BEPs. The 
outline is broken into nine sections: 1) Introduction, 2) 
BIM Goals, and BIM Use, 3) BIM Roles and 
Responsibilities, 4) Technology Infrastructure and 

Standards, 5) Modeling Requirements, 6) Delivery 
Strategy/Contracts, 7) Project Information, 8) Design 
Phases, and 9) Construction Phases. An excerpt of the 
proposed outline with reference organization’s BEP is 

found in Table 2. 
 

Table 2. Excerpt from Proposed BIM Guide Structure 
1. Introduction (USC, Smith., NIBS, USF) 

1.1 Statement of Purpose (USC) / Mission Statement (VA) 
1.2 Building Information Model (USC) 
1.3 Key Ingredients for Success (USC) 

 

2. BIM Goals and BIM Uses (Smith., sec 2.6) 
2.1 BIM USE Definition 

2.1.1 Goal Description Chart (USF, 4.1; MIT, 4.1) 
2.1.2 BIM Uses Chart (USF, 4.2; MIT 4.2) 

2.2 Essential BIM Uses (NIBS, 4.2.2; Smith, 2.6) 
2.2.1 Existing Conditions Modeling 

2.2.1.1 Laser Scanning for Existing Conditions 
2.2.2 Design Authoring 
2.2.3 Design Review 
2.2.4 Coordination / Clash Detection (VA, 7.9) 
2.2.5 Record Modeling 

2.3 Enhanced BIM Uses (NIBS, 4.2.3) 
2.3.1 Cost Estimating 

2.3.1.1 Material Take-offs (VA, 7.11) 
2.3.2 Phase and 4D Planning 

2.3.2.1 Site Utilization – For Construction 
2.3.3 Site Analysis – Development 
2.3.4 Digital Fabrication 
2.3.5 3D Location and Layout 
2.3.6 Engineering Analysis 
2.3.7 Sustainability Analysis 
2.3.8 Codes and Standards Compliance 
2.3.9 Construction Systems Design 
2.3.10 Virtual Testing and Balancing (VA, 7.10) 

2.4 Owner-Related BIM Uses (NIBS, 4.2.3) 
2.4.1 Asset Management 
2.4.2 Disaster Planning and Management 
2.4.3 Space Management 

 

3. BIM Roles and Responsibilities 
3.1 Roles & Responsibilities Chart (CD, p. 5) and BIM Team 
Coordination Method (NIBS, 2.2) 

3.1.1 Owner’s Representative(s) (NIBS, 2.2.1) 
3.1.1.1 Owner’s Representative (CD, p.5) 
3.1.1.2 Owner’s Project Manager (CD, p.5) 
3.1.1.3 Owner’s BIM Manager (NIBS, 2.2.1) 

3.1.2 Design Team 
3.1.2.1 Architecture, Civil, Landscape and MEP 

Consultants (CD, p. 6) 
3.1.2.2 Design Team Project Manager (CD, p. 6) 
3.1.2.3 Design Team BIM Manager (CD, p. 6; VA, 4.1; 

USF 5.1) 
3.1.2.4 Lead BIM Coordinators (VA, 4.3; USF, 5.2) 

3.1.3 Build Team 
3.1.3.1 Multiple Prime Contracts (CD, p.7) 

a) Construction Manager 
3.1.3.2 All Other Contracts (CD, p.7) 

a) Contractor Team Project Manager 
b) Construction BIM Manager (VA, 4.3; CD, p.7)  
c) Discipline BIM Coordinators (VA, 4.2; NIBS, 

2.2.3) 
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4. Technology Infrastructure and Standards (NIBS, 3) 
4.1 Software with Chart (VA, 9.1; Smith, 2.5; CD p.14) 
4.2 Computers/Hardware Chart (MIT, 11.2) 
4.3 File Structure (CD, p.15; MIT, 12; NIBS, 3.4.3) 
4.4 File Sharing/Transmittal Requirements (NIBS, 3.4.6 3.4.7) 
4.5 Data Security Protocol (CD, p.16) 

 
5. Modeling Requirements 

5.1 Standards 
5.1.1 Space and Graphical Standards (NIBS 3.3) 

5.1.1.1 Owner-Specified Guidelines and Standards 
5.1.1.2 Drawing (CD, p.22) 

a) Font 
b) Line Styles & Line Weights 
c) Interior Partitions 
d) Doors 
e) Casework/Finishes 

5.1.1.3 Sheet Layout 
5.1.1.4 Area/Rooms/Spaces Naming and Coding (VA 

10.7) 
5.1.1.5 Furniture, Fixtures, and Equipment Coding (CD 

p.1) 
5.1.2 Open Standards (NIBS 3.2.3) 
5.1.3 Model Geographical Location (VA 10.3) 

5.2 File Structure (NIBS 3.4) 
5.2.1 Project Folder Structure (VA 11.1) 

5.2.1.1 BIM Folders 
5.2.1.2 Support Files 
5.2.1.3 Support Files 
5.2.1.4 Coordination Files 
5.2.1.5 Other Folders 

5.2.2 File Naming / Meta Data (VA, 10.6) 
5.3 Digital Documentation and Archiving (NIBS 3.3.5) 
5.4 Intellectual Property (NIBS, 2.1.3) 
5.5 Indemnification for Use of Files (Ohio 11.7, VA 11.3) 

 

6. Delivery Strategy/Contracts (CD p.8) 
6.1 Design Bid Build (Traditional) 
6.2 IPD Integrated Project Delivery 
6.3 Design-Build 
6.4 Multiple Prime Contracts 

 

7. Project Information (USF, 2 & 3; MIT, 2 & 3) 
7.1 Project Owner 
7.2 Project Name 
7.3 Project Location and Address 
7.4 Contract Type/Delivery Method 
7.5 Project Description 
7.6 Project Numbers 
7.7 Project Schedule/Phase/Milestones Chart 
7.8 Project Core Collaboration Team Contact Chart 

 

8. Design Phases (USC, 6) 
8.1 Programming/Pre-Design Phase 

8.1.1 Deliverable Chart (USC, 6.1) 
8.1.2 Level of Development Chart (USF, 8.2) 
8.1.3 Understanding Level of Development (USF, 8.4; CD, 

p.9) 
8.1.4 Quality Control Checks (USF, 10.2) 

8.2 Schematic Design Phase 
8.2.1 Deliverable Chart (USC, 6.1) 
8.2.2 Level of Development Chart (USF, 8.2) 
8.2.3 Understanding Level of Development (USF, 8.4; CD, 

p.9) 
8.2.4 Program and Space Validation (USC, 6.2.4; 
8.2.5 Initial Collision Report and Constructability (USC, 

6.2.6) 

8.2.6 8.1.4 Quality Control Checks (USF, 10.2) 
8.3 Design Development Phase 

8.3.1 Deliverable Chart (USC, 6.1) 
8.3.2 Level of Development Chart (USF, 8.2) 
8.3.3 Understanding Level of Development (USF, 8.4; CD, 

p.9) 
8.3.4 Program and Space Validation (USC, 6.2.4; 
8.3.5 Initial Collision Report and Constructability (USC, 

6.2.6) 
8.3.6 Quality Control Checks (USF, 10.2) 

8.4 Construction Development Phase 
8.4.1 Deliverable Chart (USC, 6.1) 
8.4.2 Level of Development Chart (USF, 8.2) 
8.4.3 Understanding Level of Development (USF, 8.4; CD, 

p.9) 
8.4.4 Program and Space Validation (USC, 6.2.4; 
8.4.5 Initial Collision Report and Constructability (USC, 

6.2.6) 
8.4.6 Quality Control Checks (USF, 10.2) 

 

9. Construction Phases (USC, 6) 
9.1 Bidding Phase (USC, 6.5) 

9.1.1 Archiving of Design BIM 
9.1.2 Deliverable Chart (USC, 6.1) 
9.1.2 BIM Execution Plan (USC, 6.5.3) 
9.1.3 Co-Location (USC 6.5.4) 
9.1.4 Design Model Updates (USC 6.5.5) 
9.1.5 Model Mashups (USC 6.5.6) 

9.2 Construction Phase 
9.2.1 Deliverable Chart 
9.2.2 BIM Execution Plan Feedback and Revision (USC 

7.1) 
9.2.3 Construction Model Updates (USC 7.5) 
9.2.4 Trade Coordination (USC 7.6) 
9.2.5 Installation (USC 7.6.3) 
9.2.6 Requirement for 3D models, Formats and Model 

Structures (USC 7.6.4) 
9.2.6.1 File Format 
9.2.6.2 Level of Detail 
9.2.6.3 Local Coordinates 
9.2.6.4 Clearances and Access 
9.2.6.5 Trade Colors 
9.2.6.6 File Naming 

9.3 Closeout Phase 
9.3.1 Deliverable Chart (USC, 6.1) 
9.3.2 As-Built Model (NIBS 4.3) 
9.3.3 Record Model (NIBS 4.3) 
9.3.3 Operations and Maintenance Data (NIBS 4.3) 

CONCLUSIONS 

BIM implementation is increasing every year among 
construction stakeholders, including clients, designers, 
and contractors. For BIM to make a beneficial impact on 
projects, implementation of BEP is essential for both 
clients and delivery teams. BEPs provide a detailed and 
comprehensive plan in which BIM can be effectively 
used at different project stages and among project teams 
to answer information management delivery cycles 
effectively. The expectation for individual teams and 
overall project goals is provided before commencing the 
project to yield significant benefits through a project. 

This study explored nine BEPs and the EN ISO 19650 
and how the various comprehensive plans compare with 
PSU BEP, which appears to be the building block of 
which many other BEPs are developed from. The first 

Page 283 of 438



step was to break down the sections found within PSU 
and understand its content. The next step was to compare 
it with other industry BEPs and measure whether 
individual BEP had similar PSU findings or record 
additional information that would benefit the process. 
Moreover, a comparison with the current EN ISO 19650 
standard is proposed. The research did provide additional 
sections that could be beneficial to the development of a 
BEP. As a result, a proposed BEP outline was developed 
utilizing the additional information or comprehensive 
sections found within the nine BEP as potentially the next 
BEP version. The outline is the first step in what future 
research could expand or edit this outline to develop an 
execution plan that encompasses the design and 
construction industry's multi-faceted processes.  

Broader questions this study raises is the inherent 
tension between the efforts to provide a standardized 
workflow and the recognized practical need for BEP 
customization to address specific contractual, 
procurement or project type needs (see for example 
McArthur and Sun 2015; Wu and Issa 2015). Next steps 
would be to examine some of the contextual factors and 
the extent to which BEP can truly be standardized.  
Additionally, future research could leverage International 
BEPs since it is more readily found and could potentially 
cover topics or strategies that may not have been included 
in the proposed BEP outline. Future research could 
potentially use this research as a springboard into 
developing comprehensive and consensus BEPs enabling 
firms or agencies to have an execution plan that provides 
standardization across the industry. 
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ABSTRACT 

The use of prefabricated modules can benefit the 

construction industry with the economy of scales and 

production efficiency. However, the existing approach to 

develop module libraries is project-based, lacking the 

potential to reuse and manage in future projects. By taking 

the repeatability and manufacturability into account, this 

paper proposes a graph-based framework to identify 

possible modules automatically from multiple projects by 

frequent pattern mining. The results show that the 

repeated patterns share a degree of standardization and 

can be considered as module candidates. Finally, the 

framework is implemented as add-ons in the BIM 

environment to support module lifecycle management. 

INTRODUCTION 

Modular construction is experiencing a new wave of 

attention and investment. In 2019 McKinsey report, the 

construction industry could deliver a $20 billion annual 

savings and 50% time saving if modular construction is 

adopted (McKinsey Capital Projects, 2019). The modular 

construction takes the strategy of DfMA (Design for 

Manufacturing and Assembly), developing standard types 

of modules, like LEGOs, and then giving those kit-of-

parts to architects to fulfill design intentions (WikiHouse, 

2019). The strategy benefits modular construction in 

particular for the structure sharing a degree of 

repeatability and standardization (McKinsey Capital 

Projects, 2019), such as hotels, affordable housing and 

schools. Moreover, the standardization does not mean the 

design has to be “one-size-fits-all”. Instead, modular 
construction could provide design flexibility in various 

configurations by selecting and recombining modules 

from module libraries (Cui et al., 2020). New 

industrialized construction firms, such as DMD Modular, 

Project Frog, CIMC MBS and etc., start to develop their 

own module libraries as their core products, or product 

catalog, and claim to offer more competitive pricing, 

expedited project schedules, and increased product 

quality. 

The development and application of module libraries 

are still limited in construction projects. The development 

is mostly built upon specialist knowledge and 

accumulated experience. Although many researchers 

propose various techniques and guidelines to support the 

module identification (Isaac, Bock and Stoliar, 2016; 

Salama et al., 2017; Samarasinghe et al., 2019), the 

configuration of modules is still determined project by 

project (Gosling et al., 2016). In that case, the unique 

typology of modules will grow rapidly, end up with costs 

to balloon. A helpful analogy can be found from LEGO 

Group in the early 2000s, when the unique pieces reaching 

12,000, nearly bankrupted the company (Feloni, 2014). 

Therefore, it is crucial to consider repeatability among 

projects in determining a module library or product 

catalog. The repeatability indicates that a standard and 

adaptable design can be applied in multiple projects. The 

reuse of the modules in future projects will lead to the 

continuous improvement of project quality and return of 

investment made initially inside a single project (Tetik et 

al., 2019). 

This research proposes a graph-based framework for 

identifying a reusable module library from historical 

projects. To take repeatability into account, we apply the 

frequent pattern mining to a dataset of building projects. 

Besides, to facilitate library lifecycle management, BIM 

(Building Information Model) is used as product digital 

representations. Unlike early studies of knowledge reuse, 

such as drawings (Strug and Ślusarczyk, 2009) and 
simulations (Hiyama et al., 2014), BIM modules can be 

semantically enriched for their use in the design and 

production phases (Hamid, Tolba and El Antably, 2018). 

Meanwhile, the information stored in BIM supports the 

module analysis in terms of their performance, such as 

manufacturability. In this way, previous studies on 

metric-based module identification (Salama et al., 2017) 

can be integrated within our framework. 

The paper is organized as follows. In the next section, 

we conduct a literature review on the study of modules 

and the application of the graph modeling in the 

construction industry. Then, we introduce the proposed 

graph-based framework for module identification in the 

BIM environment. After that, we give an illustrative 

example of how the framework is applied to a dataset of 

residential projects. Finally, a discussion and conclusion 

of our contribution to the literature, as well as future work, 

is given. 

MODULE LIBRARY DEVELOPMENT VIA GRAPH MINING 
 

Jianpeng Cao, Daniel Hall 
Institute of Construction and Infrastructure Management 

ETH Zurich, Stefano-Franscini-Platz 5, 8093 Zurich, Switzerland 
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LITERATURE REVIEW 

Modules in construction projects 

In the construction industry, the definition of a module, or 

a modular system and modularization, is not explained 

consistently in the construction literature (Gosling et al., 

2016). Murtaza, Fisher and Skibniewski (Murtaza, Fisher 

and Skibniewski, 1993) described a module as “a volume 
fitted with all structural elements, finishes, and process 

components that, regardless of system, function, or 

installing craft, are designed to occupy that space”. More 
recent definitions not only refer to a module as a structural 

unit composed of walls, floors, ceilings, as well as their 

finishes, but also highlight the off-site fabrication 

(Hwang, Shan and Looi, 2018) and supply chain 

integration (Peltokorpi et al., 2018). In this study, we 

inherit the definition of the module above, and enrich it 

with a library of standardized and reusable design which 

can be applied to multiple projects. Previous studies have 

shown that a library of parametric prefabricated 

components can simplify the design process and improve 

production efficiency (Nath et al., 2015).  

Graph modeling in construction projects 

In computer science, a graph is an abstract data structure, 

consisting of a finite set of nodes and a set of ordered or 

unordered pairs of edges. The structure may also be 

assigned with certain values to each node or edge, such as 

a categorical label or a numeric value. More advanced 

graph structures, such as hypergraphs, contain edges 

which can connect any number of nodes. Although graph 

has been proved to be a useful way to represent complex 

engineering systems (Boccaletti et al., 2006; Zawiślak and 
Rysiński, 2017), there is not much research studying the 

graph modeling in construction projects. Existing 

research using graph-based modeling in building design 

is mostly limited in the floorplans and spatial layouts. In 

that case, each room or space is represented as a node, and 

the adjacency relations are represented as edges. Node 

attributes represent the properties of rooms. The graph 

structure, as well as graph-based algorithms, facilitate the 

application of floorplan design and indoor navigation. 

There are three main approaches related to floorplan 

design via graph-based modeling, including graph 

transformations (Wang, Yang and Zhang, 2018), 

evolutionary approach (Wong and Chan, 2009; Strug, 

Grabska and Ślusarczyk, 2014), and deep learning 
approach (Nauata et al., 2020). The graph transformation 

approach is built upon input graphs representing the 

original floorplans, and then graph manipulations, such as 

node/edge addition and subtraction, are performed to 

produce the floorplan variations (Wang, Yang and Zhang, 

2018). The evolutionary approach introduces graph-based 

evolutionary operators, namely cross-over and mutation, 

in the floorplan generation process (Wong and Chan, 

2009; Strug, Grabska and Ślusarczyk, 2014) The deep 
learning approach is achieved via a Generative 

Adversarial Networks (GAN), which takes a large dataset 

of pixel-based floorplans as inputs and generate novel 

ones by performing a generator and a discriminator on 

their graph representations (Nauata et al., 2020). Having 

graph-represented design solutions of floorplans, Strug 

and Ślusarczyk detected the frequent patterns via graph 
mining technique (Strug and Ślusarczyk, 2009). These 

patterns are further used as design features to evaluate the 

new floorplan design (Strug, 2013). 

Through a similar representation approach, the graph-

based floorplans also enable space navigation. 

Skandhakumar et al. constructed a graph from IFC files to 

represent a floorplan. The space adjacency and 

accessibility relationship represented in the graph 

facilitate the BIM in the navigation and access control 

applications (Skandhakumar et al., 2016). Ślusarczyk et 
al. proposed a multi-hierarchical graph to represent three-

dimension of a floorplan, including spatial arrangement, 

accessibility, and administrative structure of the building. 

The shortest path algorithm is then performed for the 

application of mobile robot control for a mail delivery 

task (Ślusarczyk et al., 2017).  

Although above and many other studies have shown 

that graph-based modeling is suitable to represent 

construction projects, few studies tested the graph 

representation at the granularity of the element level and 

how it could support construction project management 

(Isaac and Navon, 2013).  Within this domain, one of the 

main research directions is to detect prefabricated 

modules for industrialized construction. Previous scholars 

study modules mostly by case studies (Viana, Tommelein 

and Formoso, 2017; Peltokorpi et al., 2018), and identify 

the configuration of modules based on their experience 

and guidelines (Salama et al., 2017). Graph-based 

modeling can support the detection of modules 

automatically or semi-automatically. Khalili and Chua 

developed a graph-based modeling approach to group 

single precast elements into higher-level prefabrication 

assemblies (Khalili and Chua, 2013). They searched for 

all subgraphs exhaustively and filtered out the feasible 

configurations by constructability rules. Isaac, Bock and 

Stoliar applied a clustering algorithm to detect optimal 

configurations of modules (Isaac, Bock and Stoliar, 

2016b). Those modules are represented as subgraphs, 

which share two characteristics: 1. relationships are dense 

within the subgraph and are sparse between the subgraph. 

2. the nodes, representing the building elements, in the 

subgraph have similar attributes, such as replacing rates. 

A similar clustering algorithm was also taken 

by Samarasinghe et al. to detect modules in mechanical, 

electrical and plumbing systems (Samarasinghe et al., 

2019).  

However, the above research rarely takes into account 

the repeatability and manufacturability in discovering the 

building modules. Besides, the approaches are based on a 

single project, ending up with the detected modules which 

might not be representative for standardization. An 

increasing number of unique modules might deteriorate 

the production efficiency. Last but not least, the previous 
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studies end up with graph represented solutions, rather 

than BIMs (Strug and Ślusarczyk, 2009; Isaac, Bock and 
Stoliar, 2016; Samarasinghe et al., 2019). How could 

those graph patterns be managed as BIMs remains 

unsolved. In this research, we detect repeated and 

representative modules in multiples building projects, and 

then validate the modules using manufacturing 

constraints. Finally, the results are visualized and stored 

in the BIM environment for future reuse. 

PROPOSED FRAMEWORK 

In this section, the proposed graph mining framework for 

the module library development is described. The 

framework is composed of the following steps (Figure 1):. 

1. Determining the system boundary by selecting 

building elements and their attributes from projects 

as inputs 

2. Representing the filtered project information as a 

graph and conducting the same process for all past 

projects  

3. Performing frequent pattern mining on the graph 

datasets by defining the size and frequency of the 

patterns 

4. Conducting pattern analysis, which includes the 

shape analysis and manufacturability analysis 

5. Mapping the graph patterns to the original BIM ob-

jects for visualization and if necessary, for further 

management  
 
 

 
Figure 1: Proposed framework architecture 

 

System boundary definition  

The system boundary is restricted in terms of three 

aspects, building types, elements types, and element 

attributes. Firstly, since the module library is a collection 

of components suitable for a specific type of building, 

such as prefabricated concrete buildings, the BIM file 

inputs representing projects should be limited within the 

specified category. Secondly, a project usually contains 

hundreds of building elements. To narrow down the scope 

of modules, the users are able to select the element types 

for the library development. For example, a company 

doing timber volumetric modules might select wall and 

floor panels as building parts. Thirdly, the attributes of 

building elements, such as dimensions, material 

properties, and cost, can be used to support the graph 

representation and the pattern analysis in the following 

configuration reasoner.  

Graph representation 

The graph model can be used to represent design objects 

at different levels of detail and at different stages of the 

process (Ślusarczyk et al., 2017). In this study, we apply 
a labeled attributed graph to the design representation. Let 

us first define a labeled attributed graph.  

 

Definition 1. A labeled attributed graph over the node 

set (N) and the edge set (E) is a system G =(N, E, LN, AN), where: 

 

• N is the node sets, representing a set of building 

elements. 

• E is the edge sets, representing a set of relation-

ships between elements, such as adjacency rela-

tionship. 

• LN is the label of the node, representing the dis-

tinct category of building elements, such as ex-

terior walls. 

• AN is the attributes of nodes, representing the 

properties of the building elements. 

 

In order to build such a graph structure, we first utilize the 

BIM application programming interface (API) to perform 

data extraction from design input files. The extracted data 

include the selected element categories and properties. 

Then, a 3D collision detection algorithm is implemented 

to determine the spatial relationship between those 

elements, and returns an adjacency matrix. Finally, the 

matrix is transformed into a graph structure, and the 

extracted categories and properties are attached to node 

labels and attributes. 

Frequent pattern mining 

Frequent pattern mining is used to discover repeated or 

similar substructures in the multiple graph structures. It 

was widely applied in bioinformatics (Mrzic et al., 

2018). Let us define the frequent pattern as follows: 

 

Definition 2. A subgraph (g) is a frequent pattern if the 

number of its occurrence (S), including its belonging 

nodes and edges, exceed a specified threshold in the entire 

dataset, where: 
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• g is a subgraph of the graph G. The node set and 

edge set of g are denoted as n and e respec-

tively, where n ⊆N and e⊆E. 
 

 

In the construction domain, these frequent substructures 

represent a cluster of building elements that repeatedly 

occurred in the examined projects. In some sense, they 

might represent a standard design or “common 
knowledge” from previous works (Strug and Ślusarczyk, 
2009). In this study, we apply “gSpan” algorithm (Yan 
and Han, 2002) to potential module identification. The 

algorithm is implemented in a depth-first search (DFS) 

approach and generates the subgraphs via the right-most 

path extension. It combines the subgraph search with the 

isomorphism testing, thus achieving efficient mining in a 

large graph set. The work is implemented in the python 

environment.  

Configuration reasoner 

The configuration reasoner is aimed at retrieving 

reasonable configurations from all frequent patterns. This 

is done in two steps. Firstly, shape analysis is performed 

on identified frequent subgraphs. By calculating graph 

properties, such as degrees and circles, the shape of 

represented substructures can be inferred. For example, a 

subgraph with a circle, namely the cyclic graph, might 

represent a closed substructure, which might be a 

volumetric module. Secondly, with the element attributes 

embedded in the nodes of a subgraph, a manufacturability 

analysis is further conducted. For instance, the length and 

weight of elements can be used to filter out the 

configurations feasible for manufacturing. In addition, a 

graph-based structural analysis might be necessary for 

some substructural system, such as frames. The structural 

analysis is not in the scope of this research, and might be 

included in the future step. The related study can be found 

in Chang’s work (Chang and Cheng, 2020). 

Configuration visualization 

The development of the module library is an iterative 

process, which incorporates different requirements in the 

reasoning process. To support specialists’ visualization 
and validation of feasible candidates, we map the 

subgraph patterns back to building information models. 

This is achieved by a subgraph matching algorithm, 

developed by Bonnici et al. (Bonnici et al., 2013). Firstly, 

the targeted subgraph is compared to all possible 

subgraphs in the graph datasets, and return any subgraphs 

which is a subgraph isomorphism. Then, the element ID 

stored as attributes in the original graph datasets can be 

obtained. As a result, the considered subgraph can be 

tracked and visualized as a 3D BIM model. We 

implemented this function with BIM API, so as to 

highlight the substructures in the project. Once the 

configurations are checked by specialists, the 

substructures will be added into the module library for 

future reuse.  

ILLUSTRATIVE CASE 

The main objective of this section is to validate the 

performance of the proposed framework. In this study, we 

select residential timber projects as illustrative cases. 

First, we collect two standard types of modules (Figure 2) 

from a collaborative company, and use them to create ten 

customized floorplans in BIM. Figure 3 shows some 

examples of design. To test the robustness of the 

framework, we add some changes to each module. These 

include 1. adding and deleting interior walls to partition 

rooms; 2. swapping wall types to suit room requirments. 

For example, the thickness of structural walls are 260 mm, 

while the thickness of non-structural walls can be 100 mm 

and 120 mm. Besides, the walls for the bathroom are 

furnished with tiles. By doing so, we obtain modules with 

different functions, such as a living room module and a 

module with two bedrooms and a bathroom. To be noted, 

this is exactly how the studied company and many other 

modular companies might do to achieve product 

diversification. Besides, the implementation also inserts 

some “noise” to the input data, so as to test whether the 
framework can still detect the unchanged parts, or the 

standard parts of the original modules. 
  

 
Figure 2: Two standard modules 

 

 
Figure 3: Examples of customized floorplans 

 
 

Next, the building elements, as well as their properties 

are extracted from the BIM files using the developed add-

on (Figure 4). In this case, we select walls and floors as 

element categories, and the length of walls and the 

element ID as element properties from the design files. 
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Two documents are generated as outputs automatically: 

an attribute file and a relationship file, in the .csv format. 

The attribute file contains the selected types of elements 

(e.g. OST_Walls), and rows of associated properties (e.g. 

Length). The relationship file decodes the spatial 

relationship between elements as an adjacency matrix. In 

the matrix, the spatial relationships include having 

physical connections referred to as 1 and having no 

connection as 0. More types of connections, such as plate 

connections, can be specified for higher level-of-detail 

models. 

 

 
Figure 4: Add-ons for BIM data extraction  

 

After the data extraction, we implemented a python 

script to transform two documents into graph 

representations. Each building element is matched to a 

node in the graph, while the properties of that element are 

assigned to the node attributes. Besides, the adjacency 

matrix specifies the edge connection between nodes. An 

example of a transformed graph is shown in Figure 5. This 

step is done using the Python library NetworkX.  

 

 
Figure 5: An example of graph representations  

 

The procedure after the graph representation is to 

detect frequent subgraphs. A number of parameters can be 

set to support the subgraph mining. Those include the 

minimal and maximal nodes in the subgraph, and the 

number of the subgraph’s occurrence, namely support. 
Examples of the identified subgraphs with the number of 

nodes equals 6 and the frequency equals 10 are displayed 

in Figure 6. The index on the nodes indicates the type of 

building elements. In Figure 6, the graphs represent two 

closed substructures. Both composed of three exterior 

structural walls (node 1) and two different types of 

interior walls (node 2, 6, 8), all of which are connected to 

the floor (node 0). They can be considered as partial 

structures of a volumetric module. With more elements 

selected at the system boundary definition step, the 

patterns will be more complicated and include more 

features, such as ceilings and openings. Other information 

of the structure, such as the length and cost, can be 

obtained from the node attributes.  
 

 
Figure 6: Examples of graph representations  

 

To further validate the modular structure, we apply the 

manufacturing restrictions on the detected subgraphs. We 

consider an acceptable timber module is in the range of 3 

m in width and 8 m in length and 3.2 m high. Other criteria 

can be set by selecting the targeted element property and 

applying math equations. The application window of the 

developed add-on is depicted in Figure 7. Finally, the 

detected subgraphs are matched in the original project 

datasets for visualization. Figure 8 displays the frequent 

subgraph in Figure 6 (left) in the BIM environment.  

Comparing the detected structures with original 

models, we found that the structures match the original 

modules in terms of their four side wall types and floor 

types, and do not match the interior walls which are varied 

from projects to projects. It indicates that the framework 

is robust to extract the standard and repeated structures 

from multiple projects.  

 

 
Figure 7: Configuration reasoner 
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Figure 8: Frequent subgraph visualization in BIM  

DISCUSSION & LIMITATION 

The proposed framework provides a new method for the 

module library development by extracting frequent 

patterns from past projects. This matches the nature of 

most modular construction which shares a degree of 

repeatability. Besides, since the detected modules exist 

frequently in past projects, it might indicate a standard 

structure or process. Therefore, by developing such 

module libraries, the industrialized construction firms 

could not only obtain their featured product catalog but 

boost their productivity through standardization.  

The above work emphasizes the opportunity for 

productization of traditional construction projects. Past 

scholarship has suggested the need to achieve a higher 

level of product modularization in order to minimize the 

total number of components (Khalili and Chua, 2013). 

Similar research related to the optimal configuration of 

modules also highlights the importance of partitioning the 

building structures into independent components, so as to 

eliminate the interference caused by design change (Isaac 

and Navon, 2013). However, these approaches are 

project-based module identification. The modules might 

have different typologies in projects. With an increasing 

number of unique modules, the company might lose the 

production efficiency guaranteed by mass production.  

By comparison, the framework presented in this study 

requires efforts to build a reusable module library. Since 

the modules are identified from past projects, the supply 

chain information, such as cost, quality and production 

time, etc., is easy to be obtained. When a new project 

comes in, the company can switch out one module for an 

alternative if required and notice the performance change 

immediately. In addition, the reuse of those modules will 

provide a continuous improvement cycle for companies to 

upgrade their projects and gain the return of investment 

from a single project (Tetik et al., 2019). As a result, the 

application of reusable modules can help the industry 

achieve economy of scale and integration along the value 

chain.  

However, the framework has certain limitations. First, 

the detected patterns contain many irregular 

configurations. The same problem also exists in  Khalili’s 

research (Khalili and Chua, 2013). Existing shape 

analysis functions need to be improved. Secondly, 

historical project data might not share a consistent naming 

convention, causing lots of trouble to identify identical 

element types during the data preprocessing. A possible 

solution is to identify the same element by their common 

properties. Thirdly, the study does not incorporate 

structural analysis. Local boundary conditions, as well as 

connection types, are not specified clearly in most BIM 

files. Finally, the illustrative case demonstrates that the 

framework can detect standard and repeated patterns in 

the projects. More project settings need to be done, 

especially for industrialized construction firms without 

module libraries. 

CONCLUSION 

Modular construction demonstrates a series of benefits 

over traditional construction for appropriate project 

settings (Ferdous et al., 2019). More stakeholders adopt 

this approach by delivering their products from design to 

manufacturing and assembly. A module library is an 

important property owned by industrialized construction 

firms. The definition and categorization of modules have 

been illustrated in previous studies (Gosling et al., 2016) 

but the development of a reusable module library is 

limited due to the neglect of repeatability. To enable the 

adoption of modular construction by a greater segment of 

the industry, this research proposes a graph-based 

framework to identify modules from historical data 

automatically.  

This paper attempts to make several contributions to 

the literature. First, it enriches the existing study of graph-

based approach in the modular building design. The 

proposed framework represents design files as graphs and 

applied frequent pattern mining to identify the potential 

reusable modular structures. Second, it proves that 

manufacturability of the design can be integrated into the 

module development. The configuration reasoner could 

identify volumetric modules which satisfy manufacturing 

constraints. Third, the identified modules are tracked in 

the BIM environment for visualization and management. 

A BIM-based module library can benefit the integration 

of data from multi-stakeholders throughout the project life 

cycle. 

Future research should investigate additional 

questions such as:  

1. How could the module library be used to replace 

the existing design, to achieve economy of scales? 

This might require techniques of pattern matching.  

2. How could design flexibility be implemented with 

a module library? A possible solution can be divid-

ing the design into standard parts detected by our 

framework and remaining part for customization.  

3. How scalable of the framework is regarding other 

project contexts? We plan to test the framework in 

different contextual settings. 
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ABSTRACT 

This paper proposes a novel ‘bottom-up’ object-oriented 
approach for automated model checking and the corre-
sponding plugin prototype. The approach and the proto-
type enable four key processes: (i) define and interpret the 
requirement rules, (ii) prepare the BIM object data, (iii) 
execute the requirement rules, and (iv) report the results 
that were made available to the user. To demonstrate the 
feasibility and accuracy of the approach, we use a case 
study from the foodservice equipment industry using an 
existing object library of foodservice equipment created 
by a major French manufacturer. All four steps were suc-
cessfully completed, and the results show savings of 
around 125 minutes per object between the automated ap-
proach and traditional manual methods of working. 

INTRODUCTION 

Reuse of asset data throughout the design, construction 
and operational phases of buildings relies on the compli-
ance of several components: building codes, normative 
standards, industry guidelines, and project requirements. 
Traditionally compliance to these components is achieved 
through a manual data checking process which is labori-
ous, time consuming, and error-prone (Ghannad, et al., 
2019). Errors relating to manual processing have been 
known to result in huge losses (e.g., £800,000 cost of con-
struction and design changes within a UK’s housing pro-

ject, where the wheelchair ramps were found to be too 
steep and narrow (Ding, et al., 2006)).  

Building Information Modelling (BIM) is part of a 
digital transition within the construction industry. It can 
be defined as a set of processes and technologies that sup-
port multiple stakeholders to collaboratively design, con-
struct and operate a facility within a digital environment 
(Sacks, et al., 2018). The Building Information Model is 
an object-based, data rich, 3D digital model generated by 
each project participant through a BIM authoring plat-
form. BIM is expected to significantly contribute to the 
development of automated checking of designs 
(McGraw-Hill, 2014). Indeed, with the development of 
computer-based BIM applications allowing multi-criteria 
parametric designs of a construction project through a set 
of objects defined by an identity, attributes, and relations, 

automatic compliance checking of building designs is be-
coming feasible (Choi & Kim, 2008) thus, contributing 
significantly to time and cost savings. 

 During the last four decades, more than 400 research 
works have considered automating compliance checking 
in the construction industry (Nawari, 2019a). Various 
model checking methodologies, platforms, and domain 
applications such as spatial assessment, structural integ-
rity, safety, energy usage, etc., have been contemplated in 
the academic research literature and multiple industrial 
tools are now commercially available.  

In one of the most referenced studies, Eastman et al. 
(Eastman, et al., 2009) presented a general functional ar-
chitecture for rule checking and reporting systems. These 
authors structured a rule checking process into four main 
steps: (i) rule interpretation, (ii) building model prepara-
tion, (iii) rule execution, and (iv) rule check reporting. 
They discussed the shortcomings of each step and identi-
fied general requirements. Five rule checking systems 
were reviewed according to this structure: the CORENET 
project (Singapore), the HITOS project (Norwegian BIM 
project for Statsbygg), the Australian Building Codes 
Board project, the International Code Council project 
(US), and the General Services Administration project. As 
input, these systems rely on IFC-based building infor-
mation models.     

Based on the same rule checking systems, Greenwood 
et al. (Greenwood, et al., 2010) identified four key re-
quirements to promote UK’s BIM-based automated code 
checking. To overcome the lack of relevant information 
needed for enabling efficient compliance checking pro-
cess, the authors proposed: (i) making programmed rules 
easily understandable and accessible by UK’s Regulation 

authors, (ii) making the rule base independent of the rule 
checking software so different rule sets can be used with 
the same tool, (iii) complying with open standards like the 
IFC, and (iv) understanding and taking into account the 
model authoring process while developing such systems. 

More recently, several model checking system classi-
fications have been proposed. Hjelseth (Hjelseth, 2016) 
used an ontological framework based on the concepts of 
model checking to identify the different types of check-
ing. He identified four different categories: (i) “validation 

checking” of the building information model’s content 
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with the rules set (regulation, standards, contract, etc.), (ii) 
“model content checking” of the completeness of the 

building information model’s content with regards to a 
particular use-case, (iii) “smart object checking” of the 

model’s objects with behavioural rules, and (iv) “design 

option checking” to support and guide the design process 

with respect to best practices.  

Krijnen (Krijnen, 2016) gave an overview of technical 
solutions to automate data requirements checking and 
proposed a classification based on these technologies, 
namely: schema semantics and IFC [(Eastman, et al., 
2009), (Terkaj & Šojić, 2015)], Model View Definitions 
[(Zhang, et al., 2014), (Solihin & Eastman, 2015), 
(Solihin, et al., 2015)], concept libraries [(Palos, et al., 
2014), (Miller, 1995), (Navigli & Ponzetto, 2012)], query 
languages (Pauwels & Terkaj, 2016), and reasoners 
(Krijnen & Tamke, 2015). 

Automated compliance checking methods can also be 
distinguished with respect to whether the encoding of the 
rules set is embedded in the BIM model [(Zhang & El-
Gohary, 2016), (Hakim, et al., 2017), (Tan, et al., 2010)] 
or not [(Macit & Suter, 2015), (Dimyadi, et al., 2016), 
(Zhong, et al., 2018)]. To provide a bidirectional link and 
reduce the gap between design requirements and design 
solutions, Marchant (Marchant, 2015) suggested as-

briefed and as-designed data could be correlated within 
integrated building information models and in a single 
IFC-based repository. To formalise the way requirements 
can be modelled using the same data schema as the design 
solution, Marchant (Marchant, 2016) suggested extending 
the IFC specification for managing properties, documents 
and adjacency requirements usually contained in codes, 
normative texts and client’s requirements by using a new 

IfcRelRequires and related sub-classes. Furthermore, for 
some frameworks, the rules set can be either integrated, 
hard-encoded into the BIM-based code checking tool 
[(Benghi, 2019), (Zhang, et al., 2011)] or treated inde-
pendently of it [(Nawari, 2019c), (Messaoudi & Nawari, 
2020)] which could be costly to maintain and difficult to 
change (Zhang & El-Gohary, 2016).  

From a deployment point of view, Nawari (Nawari, 
2019a) identified three model checking system catego-
ries: (i) add-in applications integrated within a specific 
authoring tool, (ii) desktop (or standalone) software inde-
pendent of any authoring tool, and (iii) web-based plat-
forms providing distant access via the internet. According 
to Nawari (Nawari, 2019a), all “the cited methods for au-

tomated rules compliance auditing in building design are 

either based on proprietary frameworks, domain-specific 

areas, or hard-coded rule-based representations”. A 

Generalized Adaptive Framework for Building code com-
pliance checking based on the IFC standard, was then pro-
posed and developed in five steps: (i) analysis & classifi-
cation of existing regulation, (ii) development of the 
Model View Definition, (iii) unambiguous data extrac-
tion, (iv) uncertain data extraction using fuzzy logic, and 
finally (v) rules execution (Nawari, 2019c).   

To develop a roadmap for automated compliance 
checking adoption, Beach et al. (Beach, et al., 2020) con-
ducted a detailed inventory of applicable industrial and 
academic developments. With the aid of industry partners, 
the authors identified and analysed the tools currently al-
lowing model compliance checking. Ten existing industry 
tools were identified (AEC3 Require1, Autodesk Model 
Checker, Brief-Builder, CARS, GliderBIM, Xinaps, Up-
Codes AI, SMART review, Jotne EDMmodelchecker, 
and Solibri Site or Enterprise Versions). These were ex-
amined with respect to their: application domains (client 
requirements, fire safety, etc), capabilities for allowing 
digitisations, checking methodology, and input data for-
mat. Several other academic research platforms were an-
alysed using these same criteria. Then, by conducting a 
survey with industry partners, the authors identified a list 
of obstacles to the adoption of automated compliance 
checking that led them to propose a roadmap that consid-
ered, concurrently, the political, commercial, and techno-
logical factors in the future development of automated 
compliance checking (Beach, et al., 2020). Although in-
dustrial partners were in favour of adopting automated 
compliance checking, they insisted on the necessity for 
designating a qualified human to supervise the whole pro-
cess. 

This paper proposes a bottom-up object-oriented ap-
proach for automated compliance checking using the 
foodservice equipment industry as a case study. A review 
of related studies is presented in the next section. This is 
followed by the presentation of our proposed compliance 
checking method and its demonstration in a case study of 
a large foodservice equipment manufacturer using an ex-
isting object library.  

RELATED STUDIES 

To understand the application domain and different 
frameworks for automated compliance checking, a review 
of 34 research papers was conducted. The analysis was 
performed based on: (i) the technology/concept used to 
develop the framework, (ii) the domain application and 
case study covered by the research work, and (iii) whether 
the solution is based on open standards for representing 
BIM data (IFC, XML, ifcOWL…) and/or the rules set 

(LegalRuleML, RuleML…). We propose a classification 
of six existing methods:  

AI techniques  

[ (Zhang & El-Gohary, 2016), (Hakim, et al., 2017), 
(Salama & El-Gohary, 2011), (Zhang & El-Gohary, 
2013), (Zhang & El-Gohary, 2018)]: compliance check-
ing systems based on implementing AI techniques, such 
as machine learning, generative design, pattern recogni-
tion, etc., for either rule detection and representation from 
regulation texts, or rule execution. They focus on the reg-
ulations and how it can be transformed into rule-based 
machine readable-format, but in some way, neglect the 
whole compliance checking process. They also propose 
AI-based algorithms with high level precision but still not 
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sufficient to be suitable for industry application, where no 
degree of error is acceptable. 

Domain specific language  

[ (Ghannad, et al., 2019), (Macit & Suter, 2015), (Sydora 
& Stroulia, 2020), (Lee, et al., 2015), (Beach, et al., 2015), 
(Jiang, et al., 2018), (Soman, et al., 2020)]: based on do-
main specific languages, such as BERA language and 
SWRL, that are developed to allow representing rules in 
a machine-readable format, either for a specific domain 
application (e.g., interior design) or for a specific regula-
tion type. While this category identifies practical compli-
ance checking systems in their specific application do-
main, they are still non-extensible (or partially) to other 
application domains unless the language itself is extended 
which is not coherent with the definition of domain-spe-
cific languages. Therefore, they do not represent a holistic 
approach for all building codes and regulation domains so 
as to ensure a complete compliance checking process of a 
BIM model. 

Query language  

[ (Dimyadi, et al., 2016), (Zhong, et al., 2018), (Bus, et 
al., 2018), (Zhang, 2019)]: checker systems based on rep-
resenting building knowledge, generally in the form of 
ontologies, then executing the rules using queries written 
in a query language (e.g., SPARQL). Generally, these 
have complex interfaces and necessitate a certain back-
ground in writing and using queries that limits their ac-
cessibility and usability. Furthermore, the cases consid-
ered are all focused on ‘content validation checking’ ra-

ther than model completeness, smart object (behavioural 
rules), or design option (best practices rules) checking. 

Reasoner  

[ (Tan, et al., 2010), (Zhang, et al., 2011), (Nawari, 
2019c), (Messaoudi & Nawari, 2020), (Salama & El-
Gohary, 2011), (Nawari, 2019b), (Zhang, 2019), (Zhang 
& El-Gohary, 2015), (Hjelseth, 2012), (Fenves, 1966)]: 
consisting of using logic, such as Deontic Logic, Fuzzy 
Logic, etc., to represent and/or execute the rules. A main 
difficulty with the compliance checking systems within 
this category is their complexity, and thus their suitability 
for industry application.  

Bespoke tool  

[ (Ghannad, et al., 2019), (Ding, et al., 2006), (Benghi, 
2019), (Cheng & Das, 2014), (Ciribini, et al., 2015), 
(Zhang, et al., 2013), (Melzner, et al., 2013), (Han, et al., 
1997), (Martins & Monteiro, 2013)]: checkers that are de-
veloped by encoding the rules as a desktop or a Web-
based application using a programming language (Java, 
Marionette…), or as a plugin within an existing authoring 

platform (e.g., Revit, Tekla Structures). While these kinds 
of systems can be very useful in their implementation do-
main, they are still costly to maintain, difficult to change, 
and require high levels of computer programming skills. 

General architecture  

[ (Eastman, et al., 2009), (Nawari, 2019c), (Messaoudi & 
Nawari, 2020), (Nawari, 2019b), (Zhang, et al., 2013), 
(Melzner, et al., 2013)]: conceptual models and functional 
or modular abstractions to develop a theoretical back-
ground with a systemic view for automated compliance 
checking systems. As the name suggests, this category 
does not propose practical solutions, but only general def-
initions and recommendations for developing desirable 
compliance checking systems. 

Most of these approaches have the disadvantage of be-
ing focused on the regulations (building codes, normative 
standards, project requirements, etc.) and how they can be 
represented into rule-based machine readable-format, ra-
ther than taking full advantage of BIM and its object-ori-
ented nature for representing construction projects, to en-
sure full object quality assurance including ‘content vali-

dation’, ‘model completeness’, ‘smart object’, and ‘de-

sign option’ checking. Consequently, much of the valua-
ble and detailed information does not benefit from a suit-
able and relevant compliance checking process. This is in 
part constrained by the top-down functional decomposi-
tion, that usually characterises process-based approaches 
and structuring of the design elements as functional prim-
itives (Gorti, et al., 1998). In addition, few of these works 
have endured the test of real industry applications. 

This paper has the following four objectives: 

• Propose a new framework for automated compliance 
checking that leverages the object-based representa-
tion of building information models;  

• Enable a natural decomposition, hierarchical struc-
turing and logical processing of the automated com-
pliance checking operation; 

• Enable quality assurance of the complex information 
existing in the construction industry at the detailed 
level; and 

• Enhance the understanding of the automated compli-
ance checking process by analysing and implement-
ing a real-world case study. 

PROPOSED APPROACH 

The ultimate aim of a construction process should be to 
fulfil the clients’ requirement, satisfy the end users’ 

needs, and ensure a level of performance in accordance 
with applicable regulations. A set of requirements, such 
as client’s requirements, building codes, normative stand-

ards, industry guidelines, and project requirements, 
should be checked and satisfied as soon as a design solu-
tion is available.    

Building codes represent a set of minimum rules to 
protect the health, safety, environmental impacts, etc., and 
with which all buildings must comply. They cover the 
whole life cycle of a building from design through con-
struction to operation and maintenance. They include gen-
eral requirements structured into chapters dealing with: 
stability of structures, fire safety, site preparation and re-
sistance, toxic substances, sound insulation, ventilation, 

Page 295 of 438



sanitation, hot water safety & water efficiency, drainage, 
heat appliances and fuel system, falling, collision and im-
pact protection, energy, access and use, electrical safety, 
security, communication networks and construction ma-
terials (Regulation, 2020). 

BIM has been changing the way built assets are de-
signed, constructed, and operated and maintained. At the 
centre of these changes is the building information model 
which is now represented as a set of objects where each 
object is defined with an identity, attributes, and relations. 
The method proposed takes advantage of the BIM object-
oriented nature and focus on the notion of object to define 
an iterative bottom-up approach for enabling automatic 
compliance checking processes (see Figure 1). 

The object-oriented compliance checking approach is 
based on a four-step process (Eastman, et al., 2009): 

(i) Requirement rules interpretation consists of transfor-
mation of building requirements, principally represented 
in natural language in the form of texts, charts, tables, and 
mathematical expressions (Nawari, 2019c), into machine-
readable rules to allow their automatic execution. Unfor-
tunately, none of the existing frameworks have been able 
to propose an efficient and automatic approach to allow 
this transformation automatically. Existing Natural Lan-
guage Processing algorithms such as semantic-based, syn-
tactic-based, and recent AI techniques-based, cannot cor-
rectly handle ambiguous, uncertain and domain specific 
knowledge characterising building requirement texts. 
Consequently, in this study, we adopt an intuitive and log-
ical approach consisting of converting these requirements 
through collaborative work meetings with domain ex-
perts, into ‘if-then’ logical rules. These are then encoded 

into a computer-readable format; in our case into a com-
puter code using C# as a programming language (see next 
Section).   

(ii) BIM objects data preparation consists of simplifying 
the BIM model data so that it can be checked efficiently, 
without any loss of relevant information. Our compliance 

checking approach is object-oriented which makes IFC 
the file format of choice as it is neutral and an open 
schema enabling use and interchange across a wide range 
of BIM authoring platforms. However, due to its highly 
complex data structuring, its suitability is questionable 
and it has performed poorly when faced with the huge 
number of rules inherent in an iterative compliance check-
ing process (Ghang, et al., 2014). To overcome this prob-
lem, the IFC-based building information models can be 
parsed and all its objects prepared and pre-treated before 
being processed. For example, it may not be sufficient to 
collect only easily-noticeable, physical objects identified 
within the ifcProduct class (defined as “any object that 

relates to a geometric or spatial context” (Standard, 
2020)) but also to construct implicit and virtual objects, 
such as ifcBuilding, ifcBuildingStorey, and ifcSpace, with 
all their required/related information extracted from the 
building information model. These objects are defined 
within the IfcSpatialStructureElement class and are usu-
ally used to structure and organize a building project. This 
should improve the efficiency of processing IFC-based 
building information models (Sydora & Stroulia, 2020) 
and ensure the BIM data completeness before executing 
the rules set. 

(iii) Requirement rules execution consists of executing 
each rule from the rules set converted in the first step, on 
each relevant object prepared in the second step. The re-
sult can be either ‘Pass’ or ‘Fail’ for each pair <rule, ob-

ject>. An overall evaluation of the BIM model compli-
ance is based on a concatenation of all these elementary 
evaluations. The rules set is structured in multiple rule 
subsets according to their application domain (energy, ac-
cessibility, safety, etc.) and to the types of objects to 
which they are relevant. As shown in Figure 1, the execu-
tion is processed bottom-up according to this proposed ra-
tionale for rules and objects structuring. Indeed, basic and 
explicit objects (e.g., floor, wall, etc.) are checked before 
more complex and implicit ones (e.g., roof structures, 
stair… defined by the IfcRelAggregates relationship), and 

Figure 1: BIM objects-based automated compliance checking method 
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mandatory requirements are also scanned first before 
guidelines and non-mandatory requirements. 

(iv) Requirement rules checking results and reporting in-
forms the user about the outcomes of the compliance 
checking execution step, i.e., Pass or Fail result, and pro-
duces a detailed report containing each elementary check 
result with explanations of the reasons for non-compli-
ance where applicable. 

CASE STUDY: SYNEG COMPLIANCE 

CHECKING 

A foodservice equipment objects library, created by 
BONNET THIRODE, is demonstrated through the four-
step approach: (i) Requirement rules interpretation, (ii) 
BIM objects data preparation, (iii) Requirement rules ex-
ecution, and finally (iv) Compliance checking results and 
reporting. 

Requirement rules interpretation 

The definition of Catering Equipment Manufacturer re-
quirements is based on the FCSI (Foodservice Consult-
ants Society International) Foodservice Equipment Stand-
ards document (Foodservice, 2020). This document aims 
to define a set of guidelines and recommendations for 
model content creation within an object-oriented author-
ing platform, such as Autodesk Revit, for use in the food 
service equipment industry (e.g., refrigerators, ranges, ice 
makers, etc.). It is composed of three files: (i) the Food-
service modelling standards, (ii) the International Food-
service Equipment (IFSE) parameter list, and the FCSI 
materials library. 

The Foodservice modelling standards is the main doc-
ument containing a set of guidelines and standards ena-
bling the portability, compatibility and performance of the 
BIM objects data created in the Foodservice Equipment 
Industry (Foodservice, 2020). It covers various themes of 
BIM modelling guidelines such as: the software authoring 
tool version, recommended object template (hosted versus 
free-standing), object representation and level of detail, 
object file size, visibility settings, nested object-groups-
voids recommendations, imported geometry and linked 
files, manufacturer logos, object and object type naming, 
categories and subcategories, parameters, type cata-
logues, materials, and recommendations about connect-
ors.  

To clarify and clear some of the uncertainties included 
in the recommendations of these standards, several meet-
ings were organised with SYNEG, the national associa-
tion of French catering equipment manufacturers, which 
is one of the contributors to the definition of FCSI Food-
service equipment standards. For example, regarding 
‘Connectors’ the team needed to understand which con-

trols to create and what input information to use to enable 
them. Furthermore, considering the complexity of food-
service equipment and the necessary skills level required 
to model them using BIM authoring platforms, some of 
the recommendations have been adapted (e.g., max object 

file size is set to 3 MB instead of 0,75 MB).  Also, provi-
sion is needed to be made for rules classified as ‘manda-

tory’ and ‘non-mandatory’ so that rules in both categories 
are checked but that failure on a non-mandatory rule does 
not result in overall failure. 

All these rules are interpreted into computer-readable 
code using the C# programming language within the 
SYNEG plugin. 

BIM objects data preparation 

BONNET THIRODE has developed a complete BIM ob-
ject library of its products. In terms of BIM adoption, 
BONNET is known to be one of the earliest and most ad-
vanced adopters amongst French foodservice equipment 
manufacturers.  

In this case study, the BIM data preparation step en-
tailed inputting both the BIM library with its 49 objects to 
be checked, plus the manufacturer’s library description 

file in a single repository. All the objects are RFA (Revit 
Family) files representing foodservice equipment objects. 
Moreover, as they are independent from each other, and 
defined at the same level of complexity, their processing 
was executed without a predefined order. 

Requirement rules execution 

To allow automated compliance checking for SYNEG 
BIM objects library, a SYNEG plugin was developed us-
ing C# programming language, within the Autodesk Revit 
2020 environment. Figure 2 shows the architecture of this 
plugin. It is composed of (i) a GUI (Graphical User Inter-
face) to simplify its utilisation by non-expert users (Figure 
3); (ii) the SYNEG compliance checking Rules module 
which consists of implementing a computer-readable for-
mat of the adapted version of the Foodservice modelling 
standards; (iii) Autodesk Revit API; (iv) the FCSI Mate-
rials library; and (v) other resources (templates, logos, 
etc.).  

The plugin inputs are the BIM objects library to be 
checked alongside the manufacturer’s library description. 

The outputs from the plugin are the automated compli-
ance checking reports: one overall for all the BIM objects, 
and individual reports for each object family.  

It should be noted that although this kind of rules im-
plementation is generally costly to maintain and difficult 
to update or change (Zhang & El-Gohary, 2016), the clas-
sification of the rules and their encoding in separate mod-
ules could greatly help reduce this complexity. That is the 
case here, where the Foodservice modelling standards 
rules have been encoded in a single module so that if in 
future, there is any need to further enrich these rules, more 
specific rules modules could be added without changing 
the general architecture of the application.    

Requirement rules results and reporting 

By executing the SYNEG plugin on the BONNET BIM 
objects library, a detailed automated compliance checking 
report with respect to the Foodservice modelling stand-
ards, is automatically generated. It consists of an Excel 
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file with multiple sheets (as many as the object families 
within the BIM library). The first sheet indicates the over-
all compliance checking result depending on the average 
of all the objects’ compliance results.  

Furthermore, the result of the compliance checking of 
each BIM object is given in a separate sheet. It presents 
the result corresponding to each object family, where the 
satisfied rules are highlighted in green and unsatisfied 
rules are left as are. To justify the compliance checking 
result and enable future correction, an automated justifi-
cation for each ‘Failed’/‘Passed’ rule result is given in this 

report. 

DISCUSSION 

The bottom-up approach for automated compliance 
checking proposed in this paper takes advantage of the 
object-based nature of building information models and 
ensures full compliance checking processing including 
content validation, model completeness, smart object, and 

design option checking. Through 4 steps: requirement 
rules interpretation, BIM objects data preparation, re-
quirement rules execution, and compliance checking re-
sults & reporting, it allows verification of a design solu-
tion with respect to a set of construction requirements.  

To enable requirement rules interpretation, this ap-
proach uses an intuitive and logic framework consisting 
of converting the requirements into if-then logical rules 
which will be encoded thereafter, using a computer pro-
gramming language such as C#. Although this could be 
justified by the fact no efficient approach exists to allow 
this interpretation automatically, this approach is useful in 
its specific domain implementation. However, according 
to Zhang et al. (Zhang & El-Gohary, 2016), it is still costly 
to maintain, difficult to change and needs high level of 
computer programming skills. To address this challenge 
and satisfy evolving requirements as well as answering 
the question of regulations sustainability as pointed out in 
(Hakim, et al., 2017), a modular architecture has been 

Figure 3: SYNEG plugin Architecture 

Figure 2: SYNEG plugin Graphical User Interface 
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adopted and implemented. This architecture enables each 
requirements class to be integrated into an independent 
module. As a result, extensions become possible without 
changing the whole application architecture; and in case 
of requirements change, updates can be performed with 
the minimal change to the existing information. Further-
more, to address the problem of dealing with uncertain 
and ambiguous building requirements characterising 
these kind of approaches (Zhang & El-Gohary, 2016), 
various meetings with domain experts have been organ-
ised to allow the best possible interpretations for the 
Foodservice Equipment Standards. 

For the BIM objects data preparation step, the choice 
of using a BIM file format other than IFC (RFA format  

in our case) was justified by two main reasons. Firstly, 
it was the decision of the users (SYNEG and all the 
French foodservice manufacturers) who have already 
chosen to work on the same authoring platform, Autodesk 
Revit, using the same set of modelling standards. Sec-
ondly, some of the foodservice manufacturers have al-
ready created their own BIM object libraries in Revit, 
therefore, converting their BIM data into IFC would re-
quire a lot of unnecessary work caused by information 
losses while converting from a proprietary BIM format to 
IFC (Turk, 2020). 

The two last steps, namely, requirement rules execu-
tion and results & reporting, have been formalised by con-
sidering the users’ needs. Indeed, foodservice manufac-

turers use the Autodesk Revit platform when creating 
their BIM object libraries, so the most efficient, suitable, 
and obvious approach to check their BIM objects is to 
conduct it using the same authoring environment via a 
new integrated functionality – a plugin in our case.                               
Reporting the compliance checking results and identify-
ing any change or correction to be made via an Excel file 
is also a practical way to check and correct the BIM li-
brary object by object. The BONNET library did not pass 
the test, the overall result was ‘0%’, principally due to the 
authoring tool version used to create this library which 
was Revit 2015. 

In terms of performance, compared with the manual 
approach, Table 1 presents the results of execution times 
corresponding to the automated compliance checking ap-
proach using the SYNEG plugin, and the traditional ap-

proach by checking the rules manually. A laptop with In-
tel(R) Core(TM) i7-4610 CPU @ 3.00 GHz 3.00 GHz 
Processor, and 16.0 GB of RAM, has been used to run the 
plugin. The results show a drastic time saving in pro-
cessing the library of 49 BIM objects. The automated 
compliance checking processing with the SYNEG plugin 
required 197.09 seconds (~ 3.3 minutes). This time is 
principally due to ‘loading’ operations of RFA files 

(112.26 seconds) into the Autodesk Revit 2020 environ-
ment, and ‘upgrading’ operations of BIM objects (81.63 
seconds) since they were created in a previous version of 
Revit (Revit 2015). Concerning the manual approach, ex-
ecution times have been calculated by considering estima-
tions of an expert Revit user who is capable of realising 
the whole compliance checking process manually. For 
only 20 elementary rules, the time to check and report one 
BIM object was estimated to be 74 901 seconds (~ 125 
minutes), whereas the 49 objects library would take 367 
010 seconds which is equivalent to at least 2 working 
weeks. 

CONCLUSION & PERSPECTIVES 

The objectives of this research have been completely 
achieved.  

Firstly, after an extensive literature review of 34 pa-
pers dealing with automated compliance checking, a clas-
sification into 6 categories of existing approaches (AI 
techniques, domain specific language, query language, 
reasoner, bespoke tool, and general architecture) has been 
proposed and a new framework for automated compliance 
checking based on BIM models has been defined and 
structured over a four-step process.   

Secondly, this framework proposes a natural and hier-
archical decomposition of the rules by structuring them 
into multiple subsets according to their application do-
main (energy, accessibility, safety...) and to the types of 
objects to which they are relevant.  

The BIM objects are also organised according to their 
types (implicit, explicit) and complexity (basic, com-
plex/aggregated). The execution of the rules is then pro-
cessed from bottom to top, starting with basic and explicit 
objects to more complex and implicit ones.  

Thirdly, this structuration of BIM objects and rules al-
lows verification of both simple and complex infor-
mation. For example, elementary information such as 

  Manual approach Automated compliance checking (SYNEG plugin) 

  Rules exe-

cution 
Reporting Total 

Object 

loading 

Objects 

upgrading 

Rules exe-

cution 
Reporting Total 

1 BIM Object 5 690 1 800 7 490 2.29 1.67 0.05 0.02 4.02 

BONNET's Library: 

49 BIM Objects 
27 8810 88 200 367 010 112.26 81.63 2.32 0.87 197.09 

Table 1: Comparison of ACC execution times (seconds) using SYNEG plugin and manual approach 
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those related to manufacturer logo and its visibility set-
tings, i.e. the existence of a parameter named ‘Show 

Logo’ to control the visibility of the logo, can be consid-
ered and checked with regard to existing standards and 
norms. In addition, behavioural (such as, using free-stand-
ing and not hosted object) and composition (or structur-
ing, like limiting nested object levels, and using groups 
and/or voids) BIM-object information can also be 
checked thanks to this framework. 

Finally, a real case study consisting of a foodservice 
equipment objects library of a French Catering equipment 
manufacturer, has been presented and processed accord-
ing to the four-step process approach, and a new plugin 
application for automated compliance checking has been 
developed and tested. This plugin assists foodservice 
equipment designers and helps them to check and correct 
their BIM object libraries according to the Foodservice 
modelling standards and requirements.  

In future work, we aim to further develop this applica-
tion to address the general compliance checking frame-
work presented in this paper. This would enable: (i) pro-
cessing of other requirement rules domains, (ii) adopting 
a neutral and open standard BIM format, such as IFC, and 
(iii) implementing the pyramidal BIM objects data struc-
turation allowing the full implementation of the bottom-
up rules execution, with elementary and explicit objects 
processed first, followed by complex and implicit ones. 

Ultimately, to allow SYNEG to approve created BIM 
libraries and play the role of a certification organisation, 
we aim to extend the SYNEG plugin to be a Web-based 
application, so that foodservice equipment manufacturers 
would be able to submit their BIM libraries to obtain a 
‘BIM Approved by SYNEG’ certification. 
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ABSTRACT 

Numerous stakeholders contribute to building projects, 

which mainly deal with digital assets during the design 

phase. Design workflows are project specific and not 

standardized, therefore digital tools supporting and im-

proving these are not widely present. However, the activ-

ities within the workflows are similar and constitute pat-

terns that allow for workflow standardization. We analyze 

an existing document exchange platform in order to iden-

tify those activities and patterns in a way which unveils 

their automation potential. The proposed modular patterns 

can serve as a base for workflow automation, facilitating 

the use of technologies such as blockchain and smart con-

tracts. 

INTRODUCTION 

The design phase during a building project involves nu-

merous stakeholders, dealing with a single and unique 

real-world object. The flow of activities between stake-

holders is not predefined nor standard, and gets estab-

lished on the go (Knotten et al 2015). Activities cannot be 

digitally traced, change management is unorganized, 

however the related information is often needed in the fol-

low-up, especially for the implementation of building in-

formation modelling (BIM) (Turk and Klinc, 2017; Singh 

and Ashuri 2019). The workflows reflect the design pro-

cess, which most commonly involves temporary organi-

zations of multiple stakeholders, meeting in a unique con-

stellation in order to deliver a specific project. Several or-

ganizational models with the appropriate list of services 

performed by stakeholders exist (e.g. PMI, 2017). In prac-

tice however, they are too vaguely defined for automation 

purposes and hard to follow, as they list the services, but 

do not relate them to each other.  

Digitalization and standardization are desired to solve 

some of the aforementioned problems. Approaches such 

as common data environment (CDE) or information de-

livery manual (IDM) are recognized as attempts to im-

prove the design process, and will be addressed in the lit-

erature review. 4D BIM refers to the sequencing of a con-

struction workflow by relating BIM models with con-

struction schedules. It mostly results from a single stake-

holder, usually a project manager, working in a special-

ized software tool and managing sequential construction 

activities. On the other side, a similar approach for the 

scheduling of a design workflow, as part of design process 

management, is challenging due to numerous iterative and 

reciprocal activities, especially in the early design phase, 

where relations follow a different logic (Knotten et al 

2015). Introducing lean design management in the design 

phase is regarded as a possible improvement to design 

management (Herrera et al 2021), which after its imple-

mentation in the manufacturing industry is evermore pre-

sent in the AEC industry. These lean approaches are 

mostly investigated for their presence, although modes 

and technologies for their introduction are not necessarily 

existing or obvious (Reifi and Emmitt 2013). The lack of 

digital thinking leaves the design workflows stuck in tra-

ditional ways, where potentials of existing technologies 

cannot be fully exploited (Lavikka et al 2018). New tech-

nologies such as blockchain (BC) or smart contract (SC) 

provide alternative ways to model a business process. 

In this paper, we explore the possibilities of bringing tra-

ditional design workflows into the digital space. The 

workflows as a whole are represented by highly diverse 

activity combinations for each project or organizational 

model. However, we claim that modular patterns can be 

identified if the design phase is split into smaller pro-

cesses or sub-processes, and brought to the atomic level, 

which is here named activity. Therefore, the question we 

aim to answer is “Which modular patterns exist and are 

they suitable for standardization and/or digitalization of 

the design phase?” Hence, the aim of this research is to 

find modular patterns, concerning actors, activities and 

assets, in the documented design phase. 

The paper will present the literature concerning processes 

within the design phase, modularization, existing digital 

solutions and the technology that we aim to exploit. The 

methodology is introduced in the follow-up. The analysis 

results demonstrate the standardization potential, and the 

modular patterns are presented in the discussion section. 

LITERATURE REVIEW 

Processes in the design phase 

Knotten et al (2015) describe challenges within building 

design management, a counterpart of the more frequently 

researched construction management. They identify four 
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types of processes: pooled, sequential, reciprocal and in-

tensive, ordered by complexity, stating that the standard 

project management approaches can help with pooled and 

sequential, but not with the reciprocal processes. The de-

sign process can be viewed as an endless reciprocal pro-

cess (Knotten et al., 2015), where its dependencies need 

to be understood (Kalsaas and Sacks, 2011) in order to be 

managed. Design process definitions exist in various 

forms as plans of work and services or organizational 

models in building projects – specific to country (e.g, 

RIBA, 2020; HOAI, 2013; LM.VM, 2014) or field, such 

as project management (PMI, 2017). They explain the 

stages, their desired core tasks and outcomes, as well as 

necessary information exchanges in each stage. Although 

this literature on design processes can be useful as a point 

of departure for further development - since it promotes 

common structures in the highly heterogeneous AEC in-

dustry, it can also slow down innovation while referring 

to traditional workflows without considering the latest 

technological developments (Succar and Poirier, 2020). 

The aforementioned literature will be used for terminol-

ogy, as described in the methodology section. 

Senescu and Haymaker (2013) use an experiment to cap-

ture the processes between multiple design stakeholders, 

concluding that capturing of processes improves collabo-

ration. The capturing of processes was performed manu-

ally by relating multiple software tools. Golzarpoor et al. 

(2018) propose industry foundation processes (IFP), 

named after the IFC, which improve the interoperability 

of design workflows. The need for process patterns is rec-

ognized in the construction phase as well (e.g.  Benevo-

lenskiy et al 2012). 

Both processes and standards need to evolve together if 

the digitalization potentials are to be fully realized (Suc-

car and Poirier 2020). There are approaches to standardize 

the processes as information delivery manuals (IDMs) 

ISO (2016) and ISO (2012) which originate from the work 

of buildingSmart organization. buildingSmart (2021) rec-

ognizes that the development of IDMs is difficult for 

some domains, and that it should be accompanied by soft-

ware development. The most commonly implemented 

subschema of the industry foundation classes (IFC) 

schema, which is also a product of buildingSmart, has not 

resulted from an IDM (Sibenik and Kovacic 2020). IDMs 

can be regarded as a base for digitalization of processes 

during the design phase, but they are focused on data ex-

change and tightly coupled with the IFC-based data ex-

change. We find it necessary to investigate all activities 

during the design phase, focus on the standardization of 

activities that regularly occur and not focus on a single 

technological solution, since more appropriate solutions 

might be available.  

Modularization 

Modularization allows for efficient organizing of com-

plex processes, where information is partitioned into vis-

ible design rules (or information) - consisting of architec-

ture, interfaces and standards; and hidden design parame-

ters (or information), which do not affect the design be-

yond the local module (Baldwin and Clark, 1997).  

Designing modular processes is more difficult than creat-

ing comparable interconnected systems - because the es-

sence and structure of the overall process needs to be 

known and understood in-depth for the creation of visible 

design rules required to make modules function as a 

whole. As rules for modularization have to be specified in 

advance, problems with incomplete or imperfect modu-

larization tend to emerge exclusively when modules come 

together and work poorly as an integrated entity (Baldwin 

and Clark, 2002). Analyzing and deconstructing design 

workflows into sub-processes on the atomic level, which 

we call activity, is crucial for the exploration of suitable 

modular patterns for workflow standardization. Realizing 

these modular process patterns as digital assets in the de-

sign phase requires therefore in-depth understanding and 

documentation of workflows during the design phase. 

Figure 1 depicts the chain of single activities, where mod-

ules can be identified. A design workflow can then be de-

scribed as a chain of modules instead as a chain of indi-

vidual activities. 

Design management solutions 

Documentation of the design process has been performed 

with design protocols for decades. Document manage-

ment platforms got popular with the digitization of docu-

ments and availability of internet. Common data environ-

ment (CDE) platforms evolved from document manage-

ment systems primarily by providing ways to deal with 

3D models, although the BIM-based approach is still gen-

erally file-based (Bucher and Hall, 2020). 

A successful delivery of a construction project requires 

effective communication between the stakeholders 

(Bucher and Hall, 2020). Chen and Hou (2014) develop a 

framework and system architecture for an interdiscipli-

nary collaboration platform focused on the integrated 

building model. Their approach involves domain-specific 

sub-models, related to access rules, revision notifications 

and version management, but the realized workflow is 

project specific and simplified compared to the processes 

found in practice.  

CDEs are centralized cloud-based solutions to support 

project management, such as Dalux, Viewpoint, Trimble 

Connect and Bentley ProjectWise 365. The scope of ser-

vices that CDEs provide is solution specific and not stand-

ardized (Stransky 2020). They offer document and model 

coordination during the design phase and provide automa-

tion and managing for exchange, review and approval of 

Figure 1 a) chain of activities; b) chain of modules 
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designs, with the possibility to define a design workflow. 

Workflow definition in the design phase is a cumbersome 

task, especially parts involving multiple SMEs and activ-

ities which take place without central authorities (e.g. gen-

eral contractor). Larger companies often own intra-firm 

solutions which do not consider the interoperability with 

other CDE solutions. A centralized solution does not nec-

essarily reflect the decentralized autonomous organiza-

tions which are commonly delivering a building project 

and suitable for the application of technologies such as 

BC (Sreckovic and Windsperger, 2019; Chen and Hou, 

2014). 

Blockchain and smart contract 

In order to solve the problems in the industry, information 

and communication technology, which will support the 

organizational and management tasks, needs to be intro-

duced (Turk and Klinc, 2020). Peer-to-peer (P2P) net-

works are recognized as a potential solution for online 

collaboration of stakeholders in the design process. Chen 

and Hou (2014) propose a hybrid P2P network for a col-

laboration platform. BC is a distributed ledger technol-

ogy, which emerged hand in hand with cryptocurrencies, 

with the potential to be used in other businesses. Turk and 

Klinc (2017) recognize the solution to construction work-

flow problems in the BC technology due to the P2P rela-

tionship between participants; identifying the types of BC 

which are suitable for the AEC industry. They also state 

that BC technology is closely related to cryptocurrencies 

and therefore use the term blockchain 2.0 (BC2) in order 

to differentiate from the cryptocurrency BCs. 

Nawari and Ravindran (2019) provide a thorough litera-

ture review regarding BC in the AEC industry, which in-

volves the definition of a Smart Contract (SC). We em-

phasize the distinction between the SC in BC and in BC2, 

since SCs are often confused with the contract in their tra-

ditional legal and economic meaning. It might even be 

necessary to introduce Smart Contracts 2.0 (SC2) in order 

to distance it from its cryptocurrency-related meaning and 

bind it to BC2. Therefore, we refer to the definition by 

Clack et al. (2016) which is suitable for SC2: “A smart 
contract is an automatable and enforceable agreement, au-

tomatable by a computer, although some parts may re-

quire human input and control, enforceable either by legal 

enforcement of rights and obligations or via tamper-proof 

execution of computer code.” This definition supports the 

use of SC2 within the design workflow without requiring 

the exchange of monetary transactions. 

METHODOLOGY 

The methodology follows three research design steps ex-

amining the design processes on three analysis levels: 

Protocol analysis 

The documentation of the design process is commonly re-

alized through design protocols. The protocols are omni-

present and serve as a sort of do and done list during the 

design phase. They follow the contractual arrangements 

between the stakeholders with listings commonly refer-

ring to the building elements and the accompanying tasks, 

which are rarely individually addressed in the contracts.  

This paper examines the protocols from a document man-

agement platform. The protocols consist of listings on 

particular topics, which are used to extract elements of a 

design workflow. We analyze protocols and existing de-

sign documentation in two one-time project team constel-

lations. The first research step is the analysis of a use case, 

where multiple protocolized meetings are examined. The 

listings within the protocols are chosen randomly, and the 

ones which are relevant to the design phase are filtered. 

These protocol listings are further analyzed and described 

with the help of data-flow diagrams. The data-flow dia-

grams are useful since they can serve as a base for the au-

tomation of processes. 

The whole design phase represents a complex arrange-

ment of numerous elements and cannot be developed as a 

useful single data-flow diagram. Therefore, we develop 

multiple diagrams representing parts of a larger workflow, 

and by comparing them we identify the automation poten-

tial. The diagrams serve as a basis for statistical analysis 

of processes and identification of modular process pat-

terns.  They are created with unified modelling language 

(UML) and focused on the activities in the design process. 

Even though many listings were not straightforwardly 

convertible to a diagram, as will be discussed, they are 

defined to the best of the authors’ knowledge. Statistical 

analysis is performed for two projects, which helps to dis-

cover specifics of a single project. An example of an 

anonymized listing and the corresponding UML activity 

diagram are represented in Figure 2. 

 “3A” process definition 

A design workflow can usually be broken into smaller 

sub-processes, which might not be true for complex pro-

jects (Turk and Klinc, 2020). Triple “A” or “3A” analysis 

Figure 2 Example of a) protocol listing; b) corresponding 

UML activity diagram 
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involves the analysis of actor, action and asset from a 

single sub-process. 

We use the definition of an actor from ISO (2016) being 

a “person, organization or organizational unit involved in 
a construction process”. Further on, ISO (2016) distin-

guishes two types of actors: initiator which makes a re-

quest and executor which responds to the request. These 

terms will be discussed for the implementation purposes. 

Activity is used as an atomic sub-process of a design 

phase, required for digitalization purposes, since the term 

process is used on multiple scales. We consider the pro-

cess a sequence of activities. In Zwikael (2009), the activ-

ity definition, relating to project management and signifi-

cantly influencing project success, can be defined by 

breaking down the workflow into smaller packages. The 

activity definition for the digitalization purposes requires 

abstraction of terminology. Therefore, the terminology 

will be extracted from the literature for plans of work and 

services for building projects in Austria (HOAI, 2013; 

LM.VM, 2014) with the consideration of future digitali-

zation and effects of the terms in the follow up. 

Assets as in Succar and Poirier (2020) are addressing both 

digital and physical assets used in construction. They are 

interrelated, whereby the digital ones can be documents, 

models and data. 

The approach used in this work examines the listings of 

protocols, extrapolates the 3A sequences of actors, activ-

ities and assets, and uses them for pattern recognition. The 

focus is set on the activities and they are atomized, mean-

ing they cannot be complex; however, the actors and as-

sets could possibly remain complex and are not brought 

to the atomic scale. For example: the activity send can ad-

dress multiple assets such as plans and information, or the 

activity discuss involves multiple actors. 

Pattern recognition 

 Turk and Klinc (2020) state that dynamic, spontaneous 

and informal communication patterns occur within unex-

pected events during the construction project, and are not 

supported by most of the available technological solu-

tions. We aim to identify modular process patterns within 

the design phase, where, similarly to the construction 

phase, unexpected events occur on a regular basis; as de-

sign phase processes often merge with the construction 

phase (e.g. change order of design by client). The patterns 

are identified by statistical analysis of the 3As, where 

multiple sequences of actor, activity and asset were com-

pared. The patterns are extrapolated as commonly occur-

ring sequences, that provide a base for future automation 

of processes. Patterns are recognized by analyzing the ac-

tor, activity and asset sequences separately as well as their 

combinations. 

 

RESULTS 

Use cases 

Two use cases were investigated in this research (Table 

1). 
Table 1: Use cases overview 

 Use case 1 Use case 2 

Building type Office Residential 

Project type Renovation New building 

Size 5.000 m2 25.000 m2 

Floors 6 7 

Protocols existing 

/ analyzed 

113 / 80 95 / 25 

Listings existing / 

analyzed 

18.984 / 50 11.400 / 50 

 

In total, 100 listings were analyzed, resulting with around 

0,3% of the total number of listings. Same listings are re-

peated within multiple protocols, until a referring topic is 

closed, therefore the percentage of the unique listings an-

alyzed is higher.  Since the first use case is a renovation 

project, many listings focus on the construction site and 

do not involve design activities. In some listings, con-

struction site was a physical design phase asset, as the de-

sign was highly dependent on the construction site condi-

tions.  

In the use cases, the documented activities lack clarity and 

uniformity, making it hard to achieve traceability or digi-

talize them as such. Therefore, a level of abstraction is in-

troduced in the terminology, which is conform with the 

existing literature, to establish the relations between the 

actors, activities and asset. For instance, information is an 

abstraction of all digital non-geometrical terms; all digital 

information including geometry is plan. Activities similar 

to modify can be found such as rework, adjust, revise or 

update, however only the modify term was used. The ter-

minology originates from the literature (LM.VM 2014, 

Lechner and Blasche, 2011), where the activities were fil-

tered and the ones which do not have clear results or ex-

planation such as organize or cooperate were excluded. 

The remaining ones are organized in groups. The identi-

fied activities can be found in the activity distribution di-

agram (Table 2–b). 
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Design activities 

 All analyzed processes, after comprehending and some 

patching, can be dissolved into subprocesses or activities, 

where patterns can be identified. The majority of resulting 

subprocesses (send, approve) can increase their value by 

digitalization, however some not (discuss). The majority 

of the identified and abstracted activities during the design 

process can be digitalized, such as instruct, generate, 

modify, send, request, approve or commission. Inspect 

and collect refer primarily to physical assets like the con-

struction site or document, and hence are not possible to 

digitalize in that form. Another activity which is problem-

atic for digitalization is discuss which normally involves 

multiple actors, and represents multiple iterations of in-

formation requests and instructing tasks. The term discuss 

is commonly misused when a new task is instructed. This 

can bring confusion during the abstraction of terms. In the 

literature, much more activities can be identified, many of 

them not being suitable for digitalization, such as when no 

clear result is defined since activity stretches over a longer 

time period (monitor), or complex tasks where multiple 

activities are incorporated into one (cooperate). In gen-

eral, most of the terms can be considered vague and with 

tasks highly dependent on the specific project and the in-

volved actors. The activities during the design phase 

mostly deal with digital assets, and represent a form of 

data management. On the other hand, in the software in-

dustry basic functions, which are generally sufficient for 

users to manage data, are defined as CRUD or create, 

read, update and delete. Nevertheless, our analysis shows 

that more than 100 activities focusing on the design phase 

(HOAI 2013; LM.VM  2014), have no clear distinction 

between different terms, where most of them dealing with 

digital assets (Table 2–c), which makes process automa-

tion or pattern identification difficult.   

Modular patterns 

Digital assets and activities which can be digitalized are 

identified as the majority of 3As in the previous step of 

this research; showing that during the design phase pro-

cess elements can mostly be digitalized (Table 2). This 

step of the research finds the patterns within the 3A se-

quences. For that purpose, each element is analyzed for 

actor and activity sequences separately, and their combi-

nation in two and three sequence steps. As the activity was 

an atomized element, the sequential activities sometimes 

involve the same actor or asset. The results are repre-

sented through the graphs (Figure 3 & Figure 4). 

The most common sequential activities are generate/send 

and send/approve, followed by modify/send and 

send/modify in the first use case. In the second use-case 

modify/send and generate/send are most common, fol-

lowed by instruct/modify and instruct/generate. In both 

use cases domain-specific planners perform multiple ac-

tivities most commonly. The organizational structure is 

reflected in the actor patterns: in the first use case there is 

commonly the client/general planner communication and 

the general planner/domain-specific planner sequence, 

while in the second use case the client is less present and 

the communication is taking place mainly between do-

main specific planners and the general contractor. 

 a) actor distribution b) activity distribution c) asset distribution 
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Table 2 3A distribution graphs 
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Significant combination of actors and activities show in 

the first use case the following pattern: the general planner 

sends the asset to the client for approval, the domain-spe-

cific planner modifies and sends the asset, the general 

planner who performs the architectural design, modifies 

and sends the asset. In the second use case the domain-

specific planner modifies and sends the asset, the general 

planner instructs the domain planner to modify or gener-

ate the asset, and the domain-specific planner generates 

and sends the asset.  

Finally, the three-step analysis shows scenarios where the 

general planner modifies and sends the asset and the client 

approves. The second most common is a sequence of ac-

tions where the domain planner inspects, generates and 

sends the assets, and the general planner generates and 

sends the asset to the client for approval. In the second 

use case the most commonly occurring scenario is: the 

general planner instructs a task to the domain planner to 

modify and send the asset. The second sequence involves 

generating a new asset instead of modifying the existing 

one. 

Some tasks are modelled as loops and could be repeated 

multiple times, especially the ones containing the approve 

activity. Therefore, some patterns are even more present 

in practice until a loop is resolved. 

These patterns show potential for communication auto-

mation with technologies such as SC and BC. Digitalizing 

process patterns can improve traceability and change 

management, eventually even bring additional innovation 

to the design phase. 

DISCUSSION 

This work tackled several problems when investigating 

the process patterns in the design phase. The first obsta-

cle was the process documentation and the ambiguous 

terminology that describes it. The results are discussed 

after the documentation problems are explained. 

Documentation problems 

The creation of activity diagrams using UML language 

from the design protocols was not a smooth and easy pro-

cess. The problems with design documentation affect the 

design process quality twofold: a) the documentation 

lacks sufficient clarity to be reliable and useful during the 

existing design process; b) it cannot be used for further 

process digitalization nor data analytics. The problems 

found during the analysis are listed here: 

• two activities are started at the same time alt-

hough one could exclude another one (e.g. a plan 

is sent for approval and at the same time as a ba-

sis for further activities) 

• the activity initiator is unclear 

• the activity executor is unclear 

• some activities are missing, require imagination 

based on experience to recreate stories (e.g. if an 

asset is not approved it is returned with addi-

tional information) 

• terminology is diverse, often different terms 

used with same meaning, sometimes unclear and 

misleading (e.g. “discussed” is common alt-
hough there was no discussion, it often insinu-

ates a request to the hierarchically upper actor in 

the process, or an approval of an asset) 

• authorization of an asset not clearly described, 

not possible to conclude if it was required 

• communication activities not happening directly 

between the initiator and executor, sometimes 

because of the hierarchical inter-organizational 

relations 

Physical assets are part of the design process, whereby 

some of those, like physical documents, can be easily dig-

itized and some such as the construction site not. For cer-

tain processes it is possible to perceive irregularities in the 

workflow by following activities: e.g. if an asset (plan) is 

not approved due to the lack of information on the con-

struction site. It is possible to recognize the constant in-

tersection between the digital and physical assets (as in 

Figure 3 Actor sequences 

Figure 4 Activity sequences 
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Succar and Portier 2020) such as physical documents, dig-

ital documents, work and material specifications, build 

environment, etc. 

Modular patterns 

Modular patterns can be found in both use cases, as well 

as similarities between the use cases. The greatest differ-

ences between them occur due to different constellations 

of actors in the project-specific organizations. Different 

actor involvement is visible in the actor distribution dia-

grams (Table 2-a). The activities listed in the diagram suf-

ficed for converting the listings from protocols to the 

UML diagram, whereby discuss is complex as it involves 

multiple actors, and collect and inspect deal with physical 

aspects. Verify is used as a counterpart to inspect for dig-

ital assets. Assets document and construction site are 

physical, but they are present less than 8% of the 3As. 

Task is an asset which has enough information for estab-

lishing a new 3A, or more of them. Instructing a task car-

ries a smart contract within its structure, which could be 

digitalized or automated. This property of tasks is poten-

tially useful for the client or general contractor, depending 

on the organization type, while significant number of 

tasks could be digitalized. 

The analysis shows that same actors most commonly per-

form multiple sequential activities, such as domain plan-

ners, but also the communication between the general and 

the domain-specific planner as well as the communication 

between the general contractor and the domain-specific 

planners occur frequently. Numerous patterns are found 

with the two-step analysis and a significant number with 

a three-step analysis. This implies the possibility to map 

the majority of processes and use them in their digital 

form. For instance, a general contractor instructing a mod-

ification of an asset, the domain-specific planner editing 

the asset and sending it back is a typical pattern where all 

the steps can be digitally documented, and a task is suita-

ble to be realized as a smart contract. A significant digi-

talization potential is identified within the analysis and 

will be realized in the future steps. 

CONCLUSION 

Advantages and disadvantages of the existing protocols 

are recognized and compared to the requirements of vari-

ous stakeholders. They are modelled as activity diagrams, 

which are analyzed in order to identify patterns in a 3A 

form, including actors, activities and assets. The analysis 

displays a significant digitalization potential in the design 

phase, which deals mainly with digital assets, where most 

of the activities can be digitalized and involve a single ac-

tor. The 3A approach is used to build activity blocks for 

technologies such as SC and BC. 

Some of the limitations of the applied methodology is 

primarily the partly subjective process definition due to 

the lack of information in the existing protocols, and the 

activity diagrams which have not been validated so far. 

The 3A approach and the developed terminology is not 

yet implemented with any technology, and could expose 

unexpected problems. However, it was developed in 

consultation with and confirmed through BC experts. 

Next steps include interviews with project stakeholders 

which should validate the results of the analysis. Activi-

ties, actors and assets will be digitalized in the form of 

3A blocks or digital modules, with the aim to digitalize 

the design process. Besides the advantages that would be 

gained by digitalizing the workflow, a special attention 

will be given to the investigation of the automatic invok-

ing and triggering of next steps based on the existing 

ones. This could further open the door for the use of AI 

and optimization of design workflows and corresponding 

processes. 
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ABSTRACT

The automated generation of 3D models of buildings
from point clouds is still under heavy research. Cur-
rently, this Scan-to-BIM process requires high man-
ual effort, and the previous research focuses on simple
room structure under low occlusion level. We propose
a novel “void-growing” approach that extracts walls,
floors, and ceilings automatically. Different from the
majority of current approaches starting with detect-
ing surfaces of elements in point clouds, our approach
grows the void volume space inside a room first. Our
approach performs well in occluded environments. It
can reconstruct simple cuboid rooms as well as com-
plex rooms like L-shape and U-shape rooms. Differ-
ent ceiling heights caused by suspended ceilings can
also be represented properly.

INTRODUCTION

The popularity of Building Information Modeling
(BIM) is penetrating the construction sector. How-
ever, only few existing buildings have reliable BIM
models. There are mainly two reasons for this situ-
ation. The first one is that many facilities have no
pre-existing digital models from when they were con-
structed. The other one is that the digital design
model was not updated when the asset was modified
through the lifecycle of the asset. Existing captur-
ing technologies such as laser scanning allow us to
automate point cloud acquisition for geometric infor-
mation in the built environment. We can use the
collected point cloud to extract and reconstruct BIM
models for the components like columns, slabs, pipes,
and walls. These generated BIM models can repre-
sent the current condition of facilities.

However, this manual modeling process is quite
time-consuming and labour-intensive. Lu et al.
(2019) state that it takes several weeks to complete a
bridge model on average, while a complicated indus-
trial plant often means over 6 months of work for a
team of 10 or more modelers. Agapaki et al. (2018)
measure the man-hours required for modelling pipes,
and it takes around 5,200 labour hours to model a
facility with 53,834 pipes. That means the cost and
effort to manually generate 3D models exceed its ben-
efits. Therefore, researchers are trying to automate

the Scan-to-BIM process in order to reduce the hu-
man effort.

In this paper, we propose a novel method named
“void-growing” that can automatically reconstruct
structural elements of Manhattan-world buildings
from the point cloud and test and evaluate the per-
formance in our dataset of offices. The Manhattan-
world assumption states that there is a predominance
of three mutually orthogonal directions of building el-
ements Vanegas et al. (2010). This is a valid assump-
tion for most office buildings in Europe and the US.
In our proposed approach, as the name implies, in-
stead of detecting surfaces of elements first, we grow
the void space until getting the full void volume inside
a room.

RESEARCH BACKGROUND

In recent years, several research groups focused their
work on Scan-to-BIM approaches. However, this
topic is still solved only partially or for specific geo-
metric elements (cubical elements) or types of build-
ings (Manhattan-world buildings with identical ceil-
ing height).

Single room reconstruction

Some approaches are proposed to reconstruct individ-
ual rooms. Budroni & Boehm (2010) use plane sweep-
ing to segment horizontal surfaces and vertical struc-
tures. Positions of the floor, ceilings, and walls are
automatically detected. Then the 3D model can be
generated from the detected ground contours. Adan
& Huber (2011) use a histogram to determine surfaces
of ceilings and floors and then use Hough transform
to detect walls surfaces. Xiong et al. (2013) use the
region growing method to form different patches and
implement a stacked learning approach to classify the
detected patches.

Multiple rooms reconstruction

More approaches aim to reconstruct multiple rooms.
Sanchez & Zakhor (2012) propose an approach that
employs principle component analysis and Random
sample consensus (RANSAC) to detect large-scale ar-
chitectural structures, such as ceilings and floors, as
well as small-scale architectural structures like stair-
cases. In this approach, all points are classified into
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The automated generation of 3D models of buildings
from point clouds is still under heavy research. Cur-
rently, this Scan-to-BIM process requires high man-
ual effort, and the previous research focuses on simple
room structure under low occlusion level. We propose
a novel “void-growing” approach that extracts walls,
floors, and ceilings automatically. Different from the
majority of current approaches starting with detect-
ing surfaces of elements in point clouds, our approach
grows the void volume space inside a room first. Our
approach performs well in occluded environments. It
can reconstruct simple cuboid rooms as well as com-
plex rooms like L-shape and U-shape rooms. Differ-
ent ceiling heights caused by suspended ceilings can
also be represented properly.

The popularity of Building Information Modeling
(BIM) is penetrating the construction sector. How-
ever, only few existing buildings have reliable BIM
models. There are mainly two reasons for this situ-
ation. The first one is that many facilities have no
pre-existing digital models from when they were con-
structed. The other one is that the digital design
model was not updated when the asset was modified
through the lifecycle of the asset. Existing captur-
ing technologies such as laser scanning allow us to
automate point cloud acquisition for geometric infor-
mation in the built environment. We can use the
collected point cloud to extract and reconstruct BIM
models for the components like columns, slabs, pipes,
and walls. These generated BIM models can repre-
sent the current condition of facilities.

However, this manual modeling process is quite
time-consuming and labour-intensive. Lu et al.
(2019) state that it takes several weeks to complete a
bridge model on average, while a complicated indus-
trial plant often means over 6 months of work for a
team of 10 or more modelers. Agapaki et al. (2018)
measure the man-hours required for modelling pipes,
and it takes around 5,200 labour hours to model a
facility with 53,834 pipes. That means the cost and
effort to manually generate 3D models exceed its ben-
efits. Therefore, researchers are trying to automate

the Scan-to-BIM process in order to reduce the hu-
man effort.

In this paper, we propose a novel method named
“void-growing” that can automatically reconstruct
structural elements of Manhattan-world buildings
from the point cloud and test and evaluate the per-
formance in our dataset of offices. The Manhattan-
world assumption states that there is a predominance
of three mutually orthogonal directions of building el-
ements Vanegas et al. (2010). This is a valid assump-
tion for most office buildings in Europe and the US.
In our proposed approach, as the name implies, in-
stead of detecting surfaces of elements first, we grow
the void space until getting the full void volume inside
a room.

In recent years, several research groups focused their
work on Scan-to-BIM approaches. However, this
topic is still solved only partially or for specific geo-
metric elements (cubical elements) or types of build-
ings (Manhattan-world buildings with identical ceil-
ing height).

Some approaches are proposed to reconstruct individ-
ual rooms. Budroni & Boehm (2010) use plane sweep-
ing to segment horizontal surfaces and vertical struc-
tures. Positions of the floor, ceilings, and walls are
automatically detected. Then the 3D model can be
generated from the detected ground contours. Adan
& Huber (2011) use a histogram to determine surfaces
of ceilings and floors and then use Hough transform
to detect walls surfaces. Xiong et al. (2013) use the
region growing method to form different patches and
implement a stacked learning approach to classify the
detected patches.

More approaches aim to reconstruct multiple rooms.
Sanchez & Zakhor (2012) propose an approach that
employs principle component analysis and Random
sample consensus (RANSAC) to detect large-scale ar-
chitectural structures, such as ceilings and floors, as
well as small-scale architectural structures like stair-
cases. In this approach, all points are classified into

doors, ceilings, walls, and remaining points. Monsz-
part et al. (2015) extract planar structures in a point
cloud that follows regularity constraints and then op-
timise the plane arrangement. Authors use this ap-
proach to extract planes in many scenes such as ur-
ban scenes, exterior, and interior of buildings. Oesau
et al. (2013) use horizontal slicing and volumetric-cell
labeling is proposed to reconstruct watertight surface
meshes. The binary labeling of the volumetric cells is
formulated as energy minimization and solved by the
graph-cut method.

Xiao & Furukawa (2014) propose a method
named “inverse constructive solid geometry (CSG)”
that detects planar surfaces and then fits the cuboid
primitives to the point cloud. Mura et al. (2014) use
an approach based on the diffusion process of space
partitioning. They extract patches using a simple re-
gion growing process based on normal deviation and
plane offset. Wang et al. (2017) use Principal Compo-
nent Analysis (PCA) to estimate the normal for each
point, RANSAC to fit linear primitives, and graph-
cut to identify walls. The proposed hierarchical clus-
tering method can identify each room without know-
ing the number of rooms. Murali et al. (2017) use the
RANSAC-based method to detect vertical and hori-
zontal planes. Then they create a wall graph and fit
cuboids to rooms. Ochmann et al. (2016) propose a
method that explicitly represents buildings as inter-
connected volumetric wall elements. They determine
an optimal room and wall layout by graph-cut based
multi-label energy minimization.

Macher et al. (2017) propose a semi-automatic
reconstruction approach for multi-storey buildings.
The automatic part of their work is to segment the
input data into sub-spaces (rooms) and planes. Af-
ter segmentation, the 3D geometry of the elements is
translated BIM file manually. Ochmann et al. (2019)
reconstruct volumetric models of walls and slabs in
multi-storey buildings. They detect planes employ-
ing RANSAC first. Then the detected planes are
classified as horizontal slab surfaces and vertical wall
surfaces. A 3D plane arrangement is constructed by
intersecting all planes, yielding a cell complex. To
find an optimal label of all cells, an integer linear
programming approach in which binary variables for
each cell are interpreted as room, outside, and wall
cell is used.

Reconstruction using prior knowledge

Some approaches use prior knowledge explicitly to
reconstruct walls and rooms. Stambler & Huber
(2014) propose the concept of enclosure reasoning
that premises rooms are cycles of walls enclosing free
interior space. They use the region growing method
to segment the point clouds and used simulated an-
nealing to optimize rooms and walls. Tran et al.
(2019) use the shape grammar approach to model
indoor environments. They generate 3D parametric

models by placing cuboids into point clouds, classi-
fying them into elements and spaces. The wall can-
didates are obtained from pairs of adjacent peaks in
the histogram of point coordinates.

Gaps in knowledge

In indoor environments, occlusion caused by furniture
occurs quite often. The majority of methods are sen-
sitive to the occlusion level. They first detect surfaces
of elements in point cloud utilizing Hough transform
(Adan & Huber 2011), RANSAC (Wang et al. 2017),
(Ochmann et al. 2019), (Murali et al. 2017), or re-
gion growing (Xiong et al. 2013), (Mura et al. 2014),
(Stambler & Huber 2014). When occlusions occur in
the environment, the performance of these methods
declines significantly, especially when there are com-
plex rooms (like L-shape rooms and U-shape rooms)
in the point cloud. If starting from detecting surfaces
first, it is hard to distinguish a large surface of fur-
niture like a cupboard from a relatively small wall
surface. In our proposed approach, as we try to de-
tect furthest surface in all directions. As long as the
wall surface is not fully occluded by furniture, the
surface can be found by the algorithm. Furthermore,
although suspended ceilings are quite common in the
building industry, most previous approaches do not
consider different ceiling heights for different rooms
in the point cloud.

METHODOLOGY

Overview

Figure 1: The workflow of the proposed approach.

Instead of detecting surfaces in the point cloud first,
the proposed void-growing approach aims to find the
void space volume inside each room. Based on the
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void volumes we find, we can reconstruct the struc-
tural elements later.

By considering the void volumes at room level,
it is easier to distinguish the surfaces of building el-
ements from the surfaces of furniture. Our approach
starts with finding seed points in the point cloud of
multiple rooms in one storey. Then we start the void
growing to get void volumes from the seed points we
found. After considering the relationship among all
void cuboids, we generate one void volume for one
room. At last, we create 3D models based on all vol-
umes we found. The overall workflow of the proposed
approach is illustrated in Figure 1.

Generating seeds for growing

The process of generating seeds is illustrated in Fig-
ure 2. In this step, our approach is based on sev-
eral assumptions: a) the input point cloud is a
Manhattan-world dataset; b) the room width and
length can not be smaller than a threshold value (in
our case we set the value to 30cm). Initially, given
a Manhattan world point cloud of multiple rooms,
what we want to achieve, is to generate seed points
for growing space in further steps. We aim to find
at least one seed inside a room so that we do not
miss any room space in the process of creating void
volumes.

In our approach, we downsample the input point
cloud by implementing voxelization to get the vox-
elized point cloud. It benefits precision of results as
well as burdens the calculation. In our experiment we
use 5cm voxels to compromise the precision and com-
putational expense. The reason why 5cm voxel size is
chosen is that compared with the length of elements in
buildings 5cm is acceptable and would not lead large
deviation. Apart from that, we also use the voxels in
the voxelization process. That means all voxels can
be divided into two categories: void voxels and non-
void voxels. Non-void voxels represent the elements
in the point cloud, while void voxels represent the
empty space in the point cloud. Our void growing
approach is mainly working on the void voxels.

In order to find seed points for void growing, we
project the voxelized point cloud after downsampling
to the XY plane. In the XY plane, we get the dia-
gram that shows the point density. In Figure 2, we
remove the points in low ponit density area to get
better visualisation.The remaining points are located
where point density is high. High-density areas rep-
resent a large number of points at this position in
Z-direction. They usually occur in the place where
vertical surfaces are present, like the vertical surfaces
of walls, furniture, etc.

In the density diagram, we use RANSAC to ex-
tract lines. As our proposed approach is designed
for Manhattan world, we remove the lines that are
not parallel or perpendicular to X or Y coordinates.
Apart from that, if a set of parallel lines are near to

each other, we only select one line from them. The
reason why we remove those parallel lines is that these
lines with small distances cannot be two boundaries
of one room (see assumption b).

Our next step is to calculate the intersecting
points of these lines to get polygons. These poly-
gons are just potential floor plan representations, not
real the real floor plan. The geometry center points
of these polygons are then selected as our potential
seed points in the 2D plane. We need to set a default
value to our seeds to get the seeds in 3D space (we
use 1.5m in our experiment to make our seed rela-
tively middle inside a room). As our method is to
grow a void space inside a room, the voxels where
our seed points are located are supposed to be void
voxels. If not, we just select their nearest void voxel
as our seeds.

We only need to select all these seed points
roughly. The accuracy of our approach depends on
further steps.

Growing from each seed

This part is the core of our approach. As we want to
find the largest void space volume inside a room, the
final void volume is supposed to meet two require-
ments: a) it should enclose the points of furniture
inside the room; b) it should not expand to the out-
side through window and door openings.

In our proposed approach, we grow our void space
in a cuboid way. That means the void space is grown
from one seed (void voxel) in six directions (top, bot-
tom, left, right, front, back). Similar to the region
growing approach, our approach checks the neighbors
of the seed whether they belong to the volume space
at each step. In general, the growing process and the
26 neighbors of one voxel in 6 directions are illus-
trated in Figure 3.

It is vital to determine when to stop the grow-
ing process. One reason why we grow the void space
in a cuboid way is that we can store and check the
frontiers in six directions and use the information on
frontiers to determine whether we should stop grow-
ing in each direction. In our approach, we use two-
level stopping conditions: a) the first level is used to
check whether we should stop growing in one direc-
tion in first-level growth; b) the second level is used
to check whether we need to continue the second level
growth in one direction if the first stopping condition
is fulfilled in all six direction. How the two stopping
conditions are defined and checked will be introduced
later in this section.

In the previous step, we have downsampled the
input point cloud and store all the void and non-void
voxels. Until there are no non-used seeds, the algo-
rithm picks up a seed we have found and starts the
growth of the volume space. We use S to denote the
set that contains all seeds we found. This process is
as follows:
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void volumes we find, we can reconstruct the struc-
tural elements later.

By considering the void volumes at room level,
it is easier to distinguish the surfaces of building el-
ements from the surfaces of furniture. Our approach
starts with finding seed points in the point cloud of
multiple rooms in one storey. Then we start the void
growing to get void volumes from the seed points we
found. After considering the relationship among all
void cuboids, we generate one void volume for one
room. At last, we create 3D models based on all vol-
umes we found. The overall workflow of the proposed
approach is illustrated in Figure 1.

The process of generating seeds is illustrated in Fig-
ure 2. In this step, our approach is based on sev-
eral assumptions: a) the input point cloud is a
Manhattan-world dataset; b) the room width and
length can not be smaller than a threshold value (in
our case we set the value to 30cm). Initially, given
a Manhattan world point cloud of multiple rooms,
what we want to achieve, is to generate seed points
for growing space in further steps. We aim to find
at least one seed inside a room so that we do not
miss any room space in the process of creating void
volumes.

In our approach, we downsample the input point
cloud by implementing voxelization to get the vox-
elized point cloud. It benefits precision of results as
well as burdens the calculation. In our experiment we
use 5cm voxels to compromise the precision and com-
putational expense. The reason why 5cm voxel size is
chosen is that compared with the length of elements in
buildings 5cm is acceptable and would not lead large
deviation. Apart from that, we also use the voxels in
the voxelization process. That means all voxels can
be divided into two categories: void voxels and non-
void voxels. Non-void voxels represent the elements
in the point cloud, while void voxels represent the
empty space in the point cloud. Our void growing
approach is mainly working on the void voxels.

In order to find seed points for void growing, we
project the voxelized point cloud after downsampling
to the XY plane. In the XY plane, we get the dia-
gram that shows the point density. In Figure 2, we
remove the points in low ponit density area to get
better visualisation.The remaining points are located
where point density is high. High-density areas rep-
resent a large number of points at this position in
Z-direction. They usually occur in the place where
vertical surfaces are present, like the vertical surfaces
of walls, furniture, etc.

In the density diagram, we use RANSAC to ex-
tract lines. As our proposed approach is designed
for Manhattan world, we remove the lines that are
not parallel or perpendicular to X or Y coordinates.
Apart from that, if a set of parallel lines are near to

each other, we only select one line from them. The
reason why we remove those parallel lines is that these
lines with small distances cannot be two boundaries
of one room (see assumption ).

Our next step is to calculate the intersecting
points of these lines to get polygons. These poly-
gons are just potential floor plan representations, not
real the real floor plan. The geometry center points
of these polygons are then selected as our potential
seed points in the 2D plane. We need to set a default
value to our seeds to get the seeds in 3D space (we
use 1.5m in our experiment to make our seed rela-
tively middle inside a room). As our method is to
grow a void space inside a room, the voxels where
our seed points are located are supposed to be void
voxels. If not, we just select their nearest void voxel
as our seeds.

We only need to select all these seed points
roughly. The accuracy of our approach depends on
further steps.

This part is the core of our approach. As we want to
find the largest void space volume inside a room, the
final void volume is supposed to meet two require-
ments: a) it should enclose the points of furniture
inside the room; b) it should not expand to the out-
side through window and door openings.

In our proposed approach, we grow our void space
in a cuboid way. That means the void space is grown
from one seed (void voxel) in six directions (top, bot-
tom, left, right, front, back). Similar to the region
growing approach, our approach checks the neighbors
of the seed whether they belong to the volume space
at each step. In general, the growing process and the
26 neighbors of one voxel in 6 directions are illus-
trated in Figure 3.

It is vital to determine when to stop the grow-
ing process. One reason why we grow the void space
in a cuboid way is that we can store and check the
frontiers in six directions and use the information on
frontiers to determine whether we should stop grow-
ing in each direction. In our approach, we use two-
level stopping conditions: a) the first level is used to
check whether we should stop growing in one direc-
tion in first-level growth; b) the second level is used
to check whether we need to continue the second level
growth in one direction if the first stopping condition
is fulfilled in all six direction. How the two stopping
conditions are defined and checked will be introduced
later in this section.

In the previous step, we have downsampled the
input point cloud and store all the void and non-void
voxels. Until there are no non-used seeds, the algo-
rithm picks up a seed we have found and starts the
growth of the volume space. We use to denote the
set that contains all seeds we found. This process is
as follows:

Figure 2: The process of generating seeds: (a) Input point cloud (we removed the ceiling for visualization); (b) project points to X-Y
plane; (c) use RANSAC to extract lines; (d) remove lines that do not fulfil the requirements; (e) select geometric center points as the

seeds.

Figure 3: The general void growing process.

1) the algorithm checks whether the selected seed
is used before. If so, it would delete this seed and
pick another seed.

2) the picked seed voxel is added to another set
which is denoted by Nt. It represents the seed set at
step t. N0 denotes the initial set that contains only
one seed from S.

3) for every seed voxel in Nt at step t, the algo-
rithm finds its 26 neighbors. The set that contains
all neighbor voxels is denoted by P. It represents the
potential seeds for the next step. And we use N to
represent the union of all previous seed sets, from
time step 0 to time step t.

4) we remove voxels in P which are already shown
in N.

5) the algorithm checks whether it fulfills the first-
level stopping condition (stopping conditions will be
introduced later in this chapter). If it should stop in
any direction, we select all voxels in the frontiers of
these directions. The set of these voxels on the fron-
tier is denoted by E. If it stops in all six directions,
go to step 7.

6) we remove the voxels in E from potential seed
set P as it would not grow in the corresponding direc-
tions. Moreover, we also need to add the seed points
from the previous step in this direction to the new

seed set of the next step. Otherwise, it cannot grow in
this direction without the corresponding seeds. The
newly generated seed set is denoted by Nt+1. Then
go back to step 2).

7) it checks the second-level stopping conditions
for each direction. If it stops in any direction, the
voxel set in the corresponding directions, denoted by
M, is taken out from seed set Nt. This set is consid-
ered as our new seed set for the second-level growth.
Then by using the similar method described in step
2) to step 5), it continues growing only in the specific
directions. It continues growing until it fulfills the
second-level stopping conditions in all six directions.
The only difference is that we only use neighbors in
the corresponding directions of a voxel, instead of us-
ing 26 neighbors in the first-level growth.

The pseudocode for the algorithm is shown in
Algorithm 1.

The two-level stopping conditions

In our approach, we define two-level stopping con-
ditions to determine when to stop the growth. Both
stopping conditions consider the stopping in six direc-
tions separately and they both use the information on
the frontier during the growing process.

(a) (b) (c)
Figure 4: The first-level stopping condition.

Page 315 of 438



Algorithm 1 The void growing algorithm.

Input:

void voxels and non-void voxels of the point cloud;

initial seed, S;

first-level stopping condition, F();
second-level stopping condition, G();
functions to find all neighbors, α();
functions to get voxles on the frontier of any direction,

β ();
functions to find neighbors in specific directions, γ();
Initialize:

voxel list of void volume space in point cloud, O ←∅

Algorithm:

while S is not empty do

select one initial seed N0 from S

if N0 ∈ O then

while F(Nt) is not fulfilled in six directions do

find seeds’ 26 neighbours P ← α(Nt)
P ← P\ (P∩O)
if F(P) is fulfilled in any direction then

find voxels in that direction E ← β (Nt)
get seeds for next round Nt+1 ← P\E

Nt+1 ← Nt+1 ∪β (Nt−1)
O ← O∪Nt

end if

end while

seeds for second-level growth M ← Nt

if G(Mt) is not fulfilled in any direction then

find voxels in that direction Lt ← β (Mt)
while G(Lt) is not fulfilled do

growing in that direction Lt+1 ← γ(Mt)
end while

end if

end if

end while

We define a ratio that is used in the first-level
stopping condition as follows:

r = P/Q, (1)

where P denotes the number of non-void voxels in
one direction, and Q is the number of void voxels in
the same direction, r is the ratio used to determine
whether it should stop growing in this direction. The
basic idea is that the algorithm compares r values of
all directions at every step with a predefined thresh-
old value (in our experiment we set it to 0.1). The
reason to choose a small value is that we want to make
sure that our algorithm would not overlook surfaces
in the growing process. If r is larger than the thresh-
old, as there is a relatively large number of non-void
voxels and the algorithm would stop growing in this
direction in this step. Whether it stops growing in
this direction does not influence the growth of other
directions. If it stops growing in one direction and
continues growing in other directions, the frontier of

the stopped direction is also enlarged. That means in
further steps, if r is smaller than the threshold again,
it can continue growing in this direction.

This process is illustrated in Figure 4. The red
voxels here represent the non-void voxels, while the
blue voxels are the void voxels. We show one simple
example here to explain how the first-level stopping
condition works. In Figure 4a), when it grows to a rel-
atively large surface in the bottom direction (like the
top surface of a desk), at this step the algorithm is not
expected to decide whether it grows to a desk surface
or to a floor surface. So, it pauses the growth in the
bottom direction and continues growing in the other
five directions. It will stop growing in the bottom
direction until it does not meet the stopping condi-
tion in this direction (for example in Figure 4c). That
means, there is only a relatively small number of non-
void voxels here so that this surface cannot be a floor
surface.

If we only apply the first stopping condition, our
proposed algorithm could stop at walls, ceilings, and
floors as well as some large furniture surfaces. But
we want to make it be able to identify surfaces of fur-
niture from structural elements. So, we propose the
second-level stopping condition to check the frontiers
in all directions after the first-level stopping condi-
tion.

(a) (b) (c)

Figure 5: The pattern on growing frontier in second-level
stopping condition: (a) a door opening; (b) a window opening;

(c) a furniture pattern

The second-level stopping condition is based on
prior knowledge. We check the patterns of void and
non-void voxels on the frontier. We use the following
prior knowledge to define the condition:

a) if it grows to a place in one direction where al-
most all voxels are non-void, it should stop the growth
in this direction. We consider the surface here is the
surface of floors, ceilings, or walls without openings.

b) we predefine some door modules to find wall
surfaces with door and window openings. In our ex-
periment, we define the door openings should have
1m-3m width and 2m-4m height. The predefined di-
mension of window openings we use is 0.5m-3m width
and 0.5m-3m height. Apart from different dimensions
of doors and windows, in our dataset window open-
ings are usually not connected to floors. The pattern
of predefined openings in vertical surfaces is shown in
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We define a ratio that is used in the first-level
stopping condition as follows:

where denotes the number of non-void voxels in
one direction, and is the number of void voxels in
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basic idea is that the algorithm compares values of
all directions at every step with a predefined thresh-
old value (in our experiment we set it to 0.1). The
reason to choose a small value is that we want to make
sure that our algorithm would not overlook surfaces
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voxels and the algorithm would stop growing in this
direction in this step. Whether it stops growing in
this direction does not influence the growth of other
directions. If it stops growing in one direction and
continues growing in other directions, the frontier of
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further steps, if is smaller than the threshold again,
it can continue growing in this direction.
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voxels here represent the non-void voxels, while the
blue voxels are the void voxels. We show one simple
example here to explain how the first-level stopping
condition works. In Figure 4a), when it grows to a rel-
atively large surface in the bottom direction (like the
top surface of a desk), at this step the algorithm is not
expected to decide whether it grows to a desk surface
or to a floor surface. So, it pauses the growth in the
bottom direction and continues growing in the other
five directions. It will stop growing in the bottom
direction until it does not meet the stopping condi-
tion in this direction (for example in Figure 4c). That
means, there is only a relatively small number of non-
void voxels here so that this surface cannot be a floor
surface.

If we only apply the first stopping condition, our
proposed algorithm could stop at walls, ceilings, and
floors as well as some large furniture surfaces. But
we want to make it be able to identify surfaces of fur-
niture from structural elements. So, we propose the
second-level stopping condition to check the frontiers
in all directions after the first-level stopping condi-
tion.

The second-level stopping condition is based on
prior knowledge. We check the patterns of void and
non-void voxels on the frontier. We use the following
prior knowledge to define the condition:

a) if it grows to a place in one direction where al-
most all voxels are non-void, it should stop the growth
in this direction. We consider the surface here is the
surface of floors, ceilings, or walls without openings.

b) we predefine some door modules to find wall
surfaces with door and window openings. In our ex-
periment, we define the door openings should have
1m-3m width and 2m-4m height. The predefined di-
mension of window openings we use is 0.5m-3m width
and 0.5m-3m height. Apart from different dimensions
of doors and windows, in our dataset window open-
ings are usually not connected to floors. The pattern
of predefined openings in vertical surfaces is shown in

Figure 5. In Figure 5, each white point represents the
center point of non-void voxel. If the algorithm can
fit a rectangular pattern that consists of void voxels
when growing in one direction, it stops and considers
it as the wall surface with a door or window opening.

c) if it stops at a surface and its frontier has a
rectangular pattern that consists of non-void voxels,
this kind of surface is considered as the surface of
furniture (as shown in Figure 5c). This pattern does
not fulfill the second-level stopping condition. So, it
continues growing in this direction until fulfilling it.

By applying the two-level stopping conditions,
our proposed approach is expected to find void vol-
ume inside rooms with high performance, especially
when there is high occlusion caused by furniture.
Then we only use the points on each frontier to ex-
tract planes and consider these planes as the faces of
room cuboids..

Store and project pattern on frontiers

Figure 6: Project furniture pattern to the frontier of further
steps.

In point clouds of the indoor environment, if part of
a wall surface is occluded by furniture, only the fur-
niture surface and the other part of the wall surface
that is not covered by furniture can be scanned. That
means there would be no points at the wall surface
behind the furniture. If we find furniture patterns of
non-void voxels on the frontier, the algorithm would
continue growing as it does not fulfill the second stop-
ping condition. But in further steps, if it grows to a
wall surface, it cannot stop because of the “hole” on
this surface.

In order to solve this problem, we combine the
patterns we found in previous steps with that of cur-

rent step together. In the growing process, the fur-
niture pattern we found would be stored. And in
further steps, we project the non-void voxels of the
furniture surface to the frontier of the current step.
After filling the “hole”, the algorithm then checks the
second stopping condition on the surface. This pro-
cess is illustrated in Figure 6. It grows to the furni-
ture surface first and then stores the found pattern
of non-void voxels. After that in further growth, we
project the found pattern to the new frontier to get a
new pattern on the surface. The algorithm continues
growing until the stopping condition is fulfilled.

Merge the connected cuboids

From the previous steps, we have gotten cuboids for
void volume inside rooms. As we have at least one
seeds inside one room, one room could have multi-
ple cuboids from different seeds. This happens usu-
ally in some complex rooms, like U-shape rooms, L-
shape rooms, rooms with different ceiling heights, etc.
There are two circumstances that we two cuboids
should be merged to one: a) one surface of a cuboid
touches a surface of another cuboid: b) two cuboids
have overlapped space.

Extract walls, floors, and ceilings

Figure 7: One inner wall separates two adjacent volume spaces.

In this step, we extract elements we want to re-
construct from the cuboids generated from the last
step.

We use different strategies for different kinds of
structural elements. For ceilings, floors, and outer
walls, we usually only collect data inside the room.
As a result, we do not have data from the other side.
For these elements, we use the surface where void
volumes stop growing as the inner surfaces of these
elements. We can leave it as a plane or set a default
value.

In contrast, both sides of the inner walls can be
scanned when collecting data inside a building. That
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Figure 8: Input point cloud and void volumes inside rooms with different ceiling heights.

means we grow void volume space inside adjacent
rooms. The space between to void cuboid is con-
sidered as the inner wall (as shown in Figure 7). The
thickness of the inner wall is the distance between
these two surfaces.

Experiment and result

The code of void-growing approach is written in C++
by using Point Cloud Library (PCL) 1.9.1 (Rusu &
Cousins 2011) and the Computational Geometry Al-
gorithms Library (CGAL) 5.1 (The CGAL Project
2020). The input dataset was collected in the of-
fice area of the Chair of Computational Modeling and
Simulation at the Technical University of Munich.

The input point cloud and the cuboids we get
inside each room are shown in Figure 8. Each color
represents a void volume inside a room. As we can
see, not only typical cuboid rooms but also complex
rooms can be detected. The hallway can be seen as
an L-Shape room. Furthermore, if we focus on the
ceiling of the input cloud, the ceiling heights of some
rooms and the hallway are not identical because of
suspended ceilings which are quite common in the
building industry nowadays. The information of dif-
ferent ceiling heights in the input point cloud can be
identified clearly in our grown void volumes.

In Figure 9, we remove the points representing the
ceiling to depict rooms of the input point cloud more
clearly. It is evident to see that a gap separates two
adjacent room volumes. Moreover, the gaps between
two adjacent rooms are supposed to be the wall that
separates these rooms.

Figure 9: Input point cloud and void volumes inside rooms after
removing ceilings

As shown in Figure 8 and Figure 9, the void grow-
ing algorithm performs quite well in our dataset, a
typical indoor environment of Manhattan-world of-
fices with strong occlusion. We state that our algo-
rithm could apply in other Manhattan-world point
clouds without modifications or with small modifica-
tions. In most cases, if the buildings have similar door
and window openings, we can apply our approach di-
rectly to new datasets. If the door and window open-
ings have different shapes (like circles), it would give
us different patterns on frontiers during the growing
process. The current second-level stopping conditions
would not work. To fit these patterns and make the
algorithm stop at the opening surface, we could add
other predefined opening shapes and consider those
patterns as our new stopping conditions.
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rooms and the hallway are not identical because of
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In Figure 9, we remove the points representing the
ceiling to depict rooms of the input point cloud more
clearly. It is evident to see that a gap separates two
adjacent room volumes. Moreover, the gaps between
two adjacent rooms are supposed to be the wall that
separates these rooms.

As shown in Figure 8 and Figure 9, the void grow-
ing algorithm performs quite well in our dataset, a
typical indoor environment of Manhattan-world of-
fices with strong occlusion. We state that our algo-
rithm could apply in other Manhattan-world point
clouds without modifications or with small modifica-
tions. In most cases, if the buildings have similar door
and window openings, we can apply our approach di-
rectly to new datasets. If the door and window open-
ings have different shapes (like circles), it would give
us different patterns on frontiers during the growing
process. The current second-level stopping conditions
would not work. To fit these patterns and make the
algorithm stop at the opening surface, we could add
other predefined opening shapes and consider those
patterns as our new stopping conditions.

Based on the volume spaces we have found in pre-
vious steps, we can extract walls, floors, and ceilings.
In our experiment, if only one surface of elements is
scanned, we set the default thickness of the element
to 30cm. The reconstructed 3D model created by our
proposed approach and the BIM model created man-
ually are shown in Figure 10. We evaluate the two
models quantitatively by comparing the areas of of-
fices in Table 1 and the thicknesses of walls in Table
2.

Figure 10: The model generated by void-growing approach and
the BIM model: a) reconstructed model b) BIM model

Table 1: Area comparison between the void-growing model and

BIM model: (m2)

office
No.

void-
growing

BIM deviation
(abs.)

deviation
(rel.%
)

office
1

46.62 49.22 2.60 5.28

office
2

26.15 26.82 0.67 2.50

office
3

23.31 24.11 0.80 3.32

office
4

25.20 25.88 0.68 2.63

office
5

23.75 25.20 1.45 5.75

office
6

23.75 24.90 1.15 4.62

As shown in Table 2, the thickness of our wall
is almost identical. The reason is that we use a very
simple downsampling way: the voxel center points are
picked as the new points in point cloud. The voxel
size limits the performance of our approach. When
detecting objects with large dimensions, the impact
is insignificant. However, it becomes very important
to find the thickness of elements. The results can be
benefited by reducing the voxel size, but the compu-

Table 2: Wall thickness comparison between the void-growing
model and BIM model: (m)

wall
No.

void-
growing

BIM deviation
(abs.)

deviation
(rel.%
)

wall
1

0.200 0.173 0.027 15.6

wall
2

0.200 0.164 0.036 22.0

wall
3

0.150 0.144 0.006 4.2

wall
4

0.200 0.171 0.029 17.0

wall
5

0.200 0.166 0.034 20.5

tational effort would be enlarged as well. We need
to make a compromise between precision and com-
putational burden. Another option to improve the
result is to extract vertical planes with plane fitting
methods (like RANSAC, Hough Transform, etc.) by
using points in the frontier voxels in the origin input
point cloud. Where these planes are located are the
positions of wall surfaces.

CONCLUSIONS

This paper presents a void growing approach for the
Scan-to-BIM process for buildings with a Manhattan
world structure. Instead of starting with detecting
surfaces in the point cloud, the void growing approach
detects void space inside rooms first. It can handle
both, simple cuboid rooms, and rooms with complex
structures, like L-shape rooms. Room volumes with
different suspended ceiling heights can also be rep-
resented. As it aims to detect the furthest surface
inside a room in all directions, it can find surfaces of
structural elements even when the occlusion level is
relatively high. However, if a surface of a wall is fully
occluded by large furniture, the void growing would
stop at the surface of the large furniture.

In the future, we plan to use deep learning tech-
niques to train neural networks to segment point
clouds by various categories. By using semantic, as
well as geometric information, we can define new
stopping conditions for the void-growing approach.
Furthermore, apart from ceilings, floors, and walls,
we also want to extend our current approach to de-
tect more elements like columns, beams, staircases,
etc. We would also adapt our approach to non-
Manhattan-world buildings and reconstruct elements
like slanted ceilings. Performance and computing
time evaluation between the proposed method and
other methods (like RANSAC, Hough transforma-
tion) would also be compared in the future.
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ABSTRACT 

The cost of the railway digital twinning process 
counteracts the expected benefits of the resulting model. 
State-of-the-art methods yielded promising results, yet 
they could not offer large-scale digital twinning required 
over kilometres without forfeiting precision and manual 
cost. The proposed framework exploits the potential of 
railway topology to perform better when detecting and 
modelling the geometry of railway elements in railway 
point clouds with varying geometric patterns. 
Experiments on 18 km railway datasets illustrate that the 
framework improves the current cost and benefit ratio by 
reducing the overall twinning time by 90% without using 
any prior information.  

INTRODUCTION 

A Digital Twin (DT) is a digital replica of a real-world 
asset such as a building, a bridge, a railway or any other 
man-made asset of the built environment. A DT is based 
on massive, cumulative, real-time, real-world data 
measurements in multiple dimensions (Jones et al., 2020) 
and uses the information of a digital model across the 
entire lifecycle of infrastructure (Kaewunruen and Lian, 
2019). The fundamental feature of DTs is their geometry, 
without which many DT applications do not exist. The 
authors use the adjective ‘geometric’ to highlight the DT 
with only geometry data, i.e. GDT. A GDT is generated 
using raw spatial data, such as Point Cloud Datasets 
(PCD)s as the initial input. This is useful for rail 
inspection maintenance and practices, which currently 
needs extensive costs and timescales.  

The UK has the fastest-growing railway network in 
Europe, with an increase in passenger numbers of 40% 
expected by 2040 (Office of Rail and Road, 2020). 
However, railways are complex, safety-critical systems 
(Wilson et al., 2007) which unfortunately faces 
catastrophic risks such as derailments and collisions 
(European Railway Agency, 2020). While these incidents 
are considered to be rare, the total costs of railway 
accidents, including derailments, are estimated at £3.4 
billion in 2018 (European Railway Agency, 2020). 
Maintenance, safety management and retrofitting are 
therefore vital operations in the life-cycle of existing rail 
infrastructure. 

Yet, European and UK rail industries are partly built 
on antiquated legacy systems, becoming more difficult to 
maintain. The railway system in the UK is the oldest in 
the world (Lee, 1945) and a patchwork of overlapping 
designs built at different times (RailEngineer, 2020). 
Current maintenance processes can no longer cope with 
the increasing complexity of modern complex socio-
technical systems (Zio, 2018) due to the absence of 
Information and Communication Technology (ICT) 
sector-level data management. This explains why there is 
a huge market demand for less labour-intensive railway 
maintenance techniques that can efficiently boost railway 
operations and productivity. Industry experts believe that 
the wider adoption of DTs will unlock 15-25% savings to 
the global infrastructure market by 2025 (Gerbert et al., 
2016). For instance, the proposed DT for Maharashtra 
Metro in India is expected to provide real-time data for 
predictive maintenance strategies that are expected to 
save at least $222 million over 25 years of the railway’s 

operational life (Davis, 2019). 
DTs are of four levels and differ depending on their 

relationship with the physical asset’s life cycle and the 
DTs' operators.  
Level 1: Digital Twin Prototype (DTP). Design 
engineers produce DTP that describes the prototypical 
artefact for a new asset (Grieves and Vickers, 2016). 
Hence, DTP exists before there is a physical asset. This 
model contains design attributes such as initial designs, 
analyses, and processes generated by designers, 
subcontractors, and suppliers (Madni et al., 2019; Tao et 
al., 2017).  
Level 2: Digital Twin Instances (DTI)s. The project 
management and facilities management teams 
continuously produce individual instances of the physical 
asset known as DTIs. These DTIs represent different 
virtual twin variants throughout the physical asset’s life 
cycle once the asset has been built (Grieves and Vickers, 
2016). Hence, DTI defines the physical asset's specific 
correspondences at any given point in time and uses it to 
explore the physical asset's behaviour under various what-
if scenarios (Madni et al., 2019). Data capturing sensors 
(i.e. laser scanners, drones, photogrammetry) often update 
the DTI during alternative instances (Gardner et al., 
2020).  

GENERATING RAILWAY GEOMETRIC DIGITAL TWINS 

FROM AIRBORNE LIDAR DATA 
 

M.R.M.F. Ariyachandra and Ioannis Brilakis 
Department of Engineering, University of Cambridge, Cambridge, UK 

 

Page 322 of 438



 
 

Level 3 and 4: Digital Twin Environment (DTE)s 
known as Adaptive DT and Intelligent DT.  
Adaptive DT is a high-level DT that offers an adaptive 
user interface to the physical and virtual twins (Madni et 
al., 2019). This user interface is sensitive to the end-users' 
preferences and priorities; hence, it can learn and priori-
tise the end-users' preferences for different instances 
(Alexopoulos et al., 2020; Bolender et al., 2021) with su-
pervised machine learning techniques (Erkoyuncu et al., 
2020). Intelligent DT is developed with both supervised 
and unsupervised machine learning techniques. It defines 
assets and patterns encountered in the operational envi-
ronment by itself (Ashtari Talkhestani et al., 2019). It au-
tomatically updates itself and provides benefits and abili-
ties beyond the explicitly defined information in the ex-
isting DT versions.  

This paper only focuses on generating level 2 DTs and 
their most basic form representing DTIs’ geometry. 

Hence, Geometric DT (GDT) corresponds to the DTI's 
geometric representation at all instances, including 
quantities, sizes, shapes, locations, and orientations of the 
asset's components in an Industry Foundation Classes 
(IFC) format. Soni (2016) reported that the total time to 
reconstruct such DTI of 0.5 m length track section using 
PCDs was between 20-40 minutes. Every DT generation 
hour saved can prevent critical failures or accidents so that 
continuous operations of railways can be achieved 
without impeding the national economy (Rail Delivery 
Group, 2014). 

Defining Rail Infrastructure 

Rail infrastructure refers to typical railway elements 
which constitute railway track structure, superstructure 
and masts (Figure 1). These structures include the most 
important and critical elements in railways (Dvořák et al., 
2017; Urbancová and Sventeková, 2019). Also, the 
methods for generating the GDTs of the rest of the 
elements, including bridges, tunnels, platforms, 
signalling, etc. are beyond the scope of this work and have 
been studied separately by others (Kaewunruen et al., 
2020; Lu and Brilakis, 2020; Tomar et al., 2020).  

The authors outline the end-user requirements (EURs) 
of DTs and then provide a brief review of existing 
software solutions to check their degree of automation 
regarding the EURs. 

End-User Requirements (EURs)  

Developing detailed EURs for each instance of DTI is 
outside the scope of this study. The EURs define the 
expected information requirements and deliverables that 
the end-users will request DTs such as engineers, 
operators, decision-makers and owners. Still, the nature of 
the EURs depends on the complexity of the project, the 
experience, and the requirements of the end-users. Based 
on the interviews with several railway engineering 
consulting companies (i.e. Network Rail, HS2), railway 
asset management companies (i.e. Bentley Systems) and 
railway survey companies (i.e. Fugro), authors deduce the 
following EURs of a railway DT.: 
• EUR 1: Component-level digital representation which 

includes the main structural component types of a 
sensed asset with a component-level resolution (Sacks 
et al., 2017). 

• EUR 2: Component’s explicit geometry 

representation (in as-is condition) and property sets 
(Borrmann and Berkhahn, 2018). 

• EUR 3: Component’s taxonomy. The components 

should be labelled by their element types (Koch and 
Konig, 2018). 

• EUR 4: Component’s implicit information such as 

structural relationships, material, cost, schedule etc. 
(Sacks et al., 2018). 

• EUR 5: Component’s damage information, including 
damage types, location, and orientation, along with the 
texture data (Hüthwohl et al., 2018). 

• EUR 6: All above-listed EURs should be presented in 
a platform-neutral data format, such as Industry 
Foundation Classes (IFC) (Koch and Konig, 2018). 

Current Practice of Railway Digital Twinning 

Leading software vendors such as Autodesk, Bentley, 
Trimble, AVEVA and ClearEdge3D provide advanced 
commercial twinning solutions in two categories. The 1st 
category is BIM authoring tools (BATs), which are 
currently semi-automated at best. This includes but is not 
limited to Autodesk Revit, SketchUp, ArchiCAD, 
Descartes and EdgeWise.Yet, the automation provided by 
these software packages is tailored only to generic or pre-
defined geometries; it is still far from being fully 
automatic (Agapaki and Brilakis, 2018). These packages 
can realise a certain degree of automation as the EUR 1 & 
2 can be partially automated. The 2nd category: alignment-
centred modelling tools (AMTs) such as Civil 3D and 
Power Rail Track has been developed for alignment-
based assets such as roads and railways. For instance, 
OpenRail Designer has a certain degree of automation as 
EURs 1 & 2 have been partially automated by combining 
survey, design rules, and operational requirements to 
generate optimal geometry of the track on a 2D plane 
(Bentley Systems, 2018). However, AMTs’ shape-
creation method focuses only on continuous structures 
belonging to the alignment. The combination of BATs 
and AMTs (i.e. Civil 3D with Revit) does not work 
properly because there is no total integration between the 

Figure 1: Railway elements 
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two (Kwon et al., 2020). This lack of interoperability 
(EUR 6) between the existing software makes the 
modelling process challenging (Kenley et al., 2016). 
Other commercial applications cannot fully automate any 
one of the EURs. In addition, modellers need to enrich the 
resulting GDT with other explicit and implicit 
information, such as component’s taxonomy (EUR 3), 

connectivity and aggregation (EUR 4), and defects (EUR 
5) to meet the EURs. Then, all EURs need to be exported 
in IFC format (EUR 6). 

The authors investigate the current railway twinning 
process using existing software packages (Ariyachandra 
and Brilakis, 2019). Up until the end of the manual 
operation, only EURs 1, 2, 3, and 6 are satisfied. 74% of 
of the labour hours are needed for the manual shape 
customisation and fitting process. The bottlenecks of 
digital twinning using current software applications are 
listed as follows: 
• Existing software packages can semi-automatically 

extract standardised shapes in PCD. Yet, they cannot 
automatically extract non-canonical shapes, which are 
frequently required for the generation of DTIs. 

• EUR 2 is manually achieved. In addition, the presence 
of occlusions and sparse data slows down the 
workflow and adds hours of adjustments. 

• EURs 1, 3, & 6 can only be manually achieved, and 
EURs 4 & 5 are unavailable within existing software. 

• There is no single software that can offer a one-stop 
DT generation solution. Modellers have to shuttle 
intermediate results in different formats back and forth 
between different software packages during the 
modelling process, giving rise to the possibility of 
information loss. In addition, this requires a 
substantial amount of manual modelling time due to 
the conversion needed for the hundreds of elements 
stretches over kilometres on the ground. 
The next section provides a detailed review of the 

current state of research of GDT generation related to 
EURs 1, 2, 3, & 6, i.e. EURs required to generate railway 
GDTs. EURs 4 & 5 are beyond the scope of this paper. 

STATE-OF-RESEARCH 

The authors review the existing research methods by 
dividing them into two parts, namely, (1) object 
segmentation in PCDs (EURs 1 & 3) and (2) 3D solid 
model generation of the segmented point clusters (EURs 
1 & 2). 

Object Segmentation in Point Cloud Datasets 

Point cluster segmentation can be achieved using different 
strategies, namely: (1) object detection, (2) class 
segmentation and (3) instance segmentation. The point 
cluster segmentation step within this study delivers 
labelled point clusters corresponding to railway elements 
(i.e. mast #1, trackbed #2). The following sections discuss 
the current state of research in current railway point 
cluster segmentation methods.  

Mast Segmentation 

The geometrical shape of the mast and other pole-like 
objects in railway PCDs (i.e. signal poles, traffic sign 
poles) are quite similar. Hence, the authors considered 
both masts and other pole-like object segmentation 
methods to derive the knowledge gaps. Readers can refer 
to the authors’ previous work Ariyachandra and Brilakis, 
(2020a), for a comprehensive literature review of each of 
these methods. 

Overhead Line Element (OLE) Segmentation 

Methods for cable segmentation include: (1) Statistical 
analysis of PCDs based on height, density or number of 
pulses, etc. (2) Hough transform, and clustering based on 
2D image processing (3) Supervised classification based 
on metrical and distribution features between points. Only 
two methods exist that segment cantilevers from PCD. 
The authors elaborate on the state-of-the-art literature on 
OLE segmentation methods for both railways and roads. 
Readers can refer to authors’ previous work Ariyachandra 
and Brilakis, (2020b), for a detailed literature review of 
each of these methods.  

Railway Track Structure Segmentation 
 

A great deal of research has been focused on the segmen-
tation of linear elements in railway environments. Track 
bed segmentation is the foundation for many subsequent 
railway track element segmentation methods. Readers can 
refer to the authors’ previous work Ariyachandra and 
Brilakis (2019), for a comprehensive literature review of 
each of these methods.  

3D Solid Model Generation 

Recent advances in scanning technologies and large-scale 
3D repositories have widened opportunities for 3D geo-
metric data processing. Still, most of the resulting scanned 
data and the models in these databases are in unstructured 
formats such as PCDs. This low-level representation lim-
its our ability to geometrically manipulate them due to the 
lack of structural information aligned with these formats. 
3D modelling process has been introduced to convert the 
low-level digitised 3D data such as point clusters into 
high-level information-rich 3D structural formats (Li et 

al., 2019). This is achieved by generating the 3D shape of 
the point cluster to describe and illustrate its shape, utilis-
ing computer graphic techniques. This high-level infor-
mation-rich 3D representation is required to generate a 
meaningful DT of a real-world asset containing various 
attributes, including geometry, materials, and defects, 
among others. Only the shape and size have been consid-
ered in this research to describe the GDT of railway ele-
ments. 

Building and infrastructure objects within the same 
PCD may significantly differ in terms of density, com-
plexity and diversity. 3D shape reconstruction methods in 
the state of research are mainly two-fold. The 1st method 
is the 3D primitive arrangements which represent the 
scene as a combination of 3D primitives. These primitives 
include planes, cubes, lines and cylinders, among other 
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shapes. 3D primitive model fitting to labelled point clus-
ters and consequently generate DTPs and DTIs at the as-
built stage is a solved problem. These techniques include 
Implicit Model fitting (Limberger and Oliveira, 2015; 
Schnabel et al., 2007), B-Rep fitting (Oesau et al., 2014; 
Valero and Cerrada, 2012), Constructive Solid Geometry 
fitting (Patil et al., 2017; Rusu et al., 2008; Xiao and 
Furukawa, 2012) and Swept Solid fitting (Budroni and 
Boehm, 2010; Laefer and Truong-hong, 2017; Lu and 
Brilakis, 2020). These 3D primitive descriptions remain a 
simplistic representation and often fail to model fine de-
tails and irregular shapes found in the various DTIs of the 
built environment. Yet, different variants and extended 
versions of these techniques can generate DTIs required 
for the maintenance stage (Lu and Brilakis, 2020). 

The 2nd method of 3D shape reconstruction generates 
meshes for more irregular shapes often found in the DTIs 
of different instances of the project life cycle. Meshes are 
more appropriate over the 3D primitive arrangement for 
reconstructing 3D models of real-world objects. Yet, the 
generation of DTIs for different instances of infrastructure 
and built environment still remains a longstanding 
problem in computer vision and graphics (Zollhöfer et al., 
2014). However, these two 3D shape representation 
methods have complementary advantages. The 1st method 
is advantageous as it leverages semantic knowledge and 
model compaction, while the 2nd method exploits detailed 
modelling and non-restricted usage for various shapes. 
Hence, researchers have considered merging both 
techniques to obtain a more rational 3D solid shape 
representation of the built environment scenes (Lafarge et 
al., 2010).  

Gaps in Knowledge and Objectives 

The problem of segmenting railway elements in the form 
of labelled point clusters from PCDs has yet to be solved 
(Ariyachandra and Brilakis, 2019, 2020a, 2020b). 
Likewise, the 3D solid model generation of segmented 
railway element point clusters to represent their geometry 
is still in its inception. Thus, the objective of this research 
is to devise, implement, and benchmark a framework that 
automates the generation of existing railway GDTs in IFC 
format. 

PROPOSED FRAMEWORK 

The proposed framework (Figure 2) uses railway 
topology knowledge as a guide to automatically generate 
GDTs of railway elements with no prior information. 
Railways are not perfectly straight or flat, and they usually 
contain varying horizontal and vertical elevations. 
Nevertheless, railways are a linear asset type; their 
geometric relations remain roughly unchanged, often over 
very long distances. Close inspection of railway PCDs 
validates this effect, with repeating geometrical features 
(Network Rail, 2018) such as: 
• The geometric relationships among railway elements 

remain fairly unchanged along the railway corridor 
(Network Rail, 2018). 

• The connections between railway masts and cables are 
placed in regular intervals (60 m intervals on average). 

• The main axis of the railway masts (Z-axis) is roughly 
perpendicular to the rail track direction (X-axis) [error 
tolerance is 11° (Network Rail, 2018)]. 

• Masts are positioned as pairs throughout the rail track. 
The authors leverage these four geometric features as 

railway topological relationships and use as assumptions 
when developing the proposed framework. The 
framework can deal with railway PCDs consisting of 
varying track slopes and curvatures and is effective in 
handling challenges inherited in PCDs such as occlusions, 
data gaps, and point diversity. This enables considerably 
improved large-scale object segmentation and modelling 
often required over kilometres without forfeiting 
precision and manual cost. 

The framework is designed to twin only the typical 
double-track railways because they make up 70% of the 
existing railway network in the UK and Europe (Eurostat, 
2019). The framework consists of three major phases 
which aim to meet EUR 1, 2, 3 & 6. The authors tested 
and validated this framework with three approximately 6 
km (total 18 km) long PCDs (Dataset A, B, and C) 
obtained from the railway track located between 's-
Hertogenbosch and Nijmegen in the Netherlands. 
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Automated refinement to remove noise

I/O Roughly aligned railway PCD

Phase 1: Mast detection

Narrowed railway corridor PCD
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Figure 2: The proposed framework of this research 
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Phase 1: Mast Segmentation 

Phase 1 segments masts in the form of point clusters. The 
input is raw railway PCD. The outputs are narrowed 
aligned railway PCD, labelled point clusters of masts 
(.pcd) and mast position coordinates (.txt). 

The method initially uses an automated segmentation 
technique to align X, Y and Z axes of datasets parallel to 
the global reference system. This enables easy 
exploitation of the PCD features using various feature 
extraction algorithms because all features to be extracted 
in further steps lie in the global coordinate system. The 
result of this step yields a set of sub-bounding boxes 
(SBB)s which contains near-straight pieces of the railway 
PCD. Once the axes of SBBs are parallel to the global 
axes, the method gauges the centreline of each SBB (𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆) and removes the vegetation and other noise 
from the railway PCD using 𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 . The method then 
segments masts as lines parallel to the global Z-axis using 
the Random Sample Consensus (RANSAC) algorithm 
with two refinement algorithms that differentiate masts 
from other pole-like objects. 

The 1st refinement creates an inner box (IB) and an 
outer box (OB) around the XY projection of the detected 
lines on a ground plane removed PCD (Figure 3). The OB 
might contain other points surrounding the pole, usually 
caused by tree leaves, bushes, walls, etc. Next, the 
algorithm automatically calculates the point density ratio 
between IB and OB (𝐷𝐷𝐼𝐼𝑆𝑆 𝐷𝐷𝑂𝑂𝑆𝑆⁄ ). This ratio is compared 
against a pre-defined threshold (RD) which satisfies 0 < RD 
< 1, to filter masts from tree trunks. Using RD and 𝐷𝐷𝐼𝐼𝑆𝑆 𝐷𝐷𝑂𝑂𝑆𝑆⁄ , the method filters masts from other pole-like 
objects. Yet, when tree trunks, walls and rail bridges 
satisfy RD this method recognises other pole-like objects 
as masts. To remedy the resulting outcome, the authors 
used a 2nd refinement (Figure 4). This algorithm takes 
railway geometric observations into account and limits 

the region of search to a certain radius from the first pair 
of masts. The 2nd refinement algorithm starts from the left 
side of the track and repeats over the spans between masts 
on the right side of the track. The details of the 2nd 
refinement algorithm can be found in the authors’ 

previous work, Ariyachandra and Brilakis, (2020a). This 
step gives the segmented point clusters of the masts, along 
with the position coordinates (𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑟𝑟) and heights of 
individual clusters. 

Phase 2: OLE Digital Twin Generation 

This phase generates GDTs of OLE elements using the 
outputs of the previous step as the inputs. The outputs are 
OLE GDTs (.ifc) and transformation matrices (.txt). 

OLE Element Segmentation 

The method first extracts point clusters of the other OLE 
elements (except cables). This unit is hereafter known as 
‘C section’. The method uses a crop box filter (𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑑𝑑) to 
extract point clusters of C sections, which automatically 
extracts all points inside a given box. The limits [eq. (1) 
& (2)] of 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑑𝑑 are defined relative to 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑟𝑟(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, ). 
This finally gives the resulting point segments of C 
sections (Hm – mast height, 𝑋𝑋𝐶𝐶, 𝑌𝑌𝐶𝐶, 𝑍𝑍𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑠𝑠 coordinates). 𝑋𝑋𝐶𝐶𝐶𝐶𝑑𝑑𝐶𝐶 = 0 − 𝑥𝑥𝑥𝑥𝑥𝑥𝐶𝐶𝑥𝑥𝑥𝑥2 ;  𝑌𝑌𝐶𝐶𝐶𝐶𝑑𝑑𝐶𝐶 = 0 − 𝑦𝑦𝑥𝑥𝑥𝑥𝐶𝐶𝑥𝑥𝑥𝑥2 ;  𝑍𝑍𝐶𝐶𝐶𝐶𝑑𝑑𝐶𝐶 = 0.23 (1) 𝑋𝑋𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 = 𝑥𝑥𝑥𝑥𝑥𝑥𝐶𝐶𝑥𝑥𝑥𝑥2 ;  𝑌𝑌𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 = 𝑦𝑦𝑥𝑥𝑥𝑥𝐶𝐶𝑥𝑥𝑥𝑥2 ;  𝑍𝑍𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 = 𝑍𝑍𝐶𝐶𝐶𝐶𝑑𝑑𝐶𝐶 + 𝐻𝐻𝐶𝐶 (2) 

The method then uses the RANSAC algorithm to 
extract point clusters of cables. The method initially 
computes bounding boxes (𝐶𝐶𝐶𝐶𝑟𝑟𝑑𝑑) using 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑟𝑟  along the 
track to crop the input PCD such that the resulting pieces 
are relatively straight enough for any further processing. 
The general RANSAC could not detect cables as lines due 
to few or no points on the cables. Hence, the method up-
sampled the points on cables along the track direction to 
improve line detection. To determine the track direction, 
the method calculates the range between minimum and 
maximum of X and Y values of each 𝐶𝐶𝐶𝐶𝑟𝑟𝑑𝑑 and sorts the 
general track direction along the X-axis if the X range > 
Y range and vice versa. Next, the method gets the XY 
projection of the cloud. This allows projecting the cables' 
catenary shapes into straight lines so that RANSAC can 
detect those cables despite their curved shapes. The 
method then segments cables as lines using RANSAC and 
classify cables based on the heights of the lines relative to 
the track structure. The segmented cables along with the 
previously extracted C sections, are hereafter known as 
‘Model A’ (Figure 5 left). 

Generate Dynamic IFC Models of the OLE System  

The OLE elements are typically built with a larger wear 
allowance (Keenor, 2018) as they are either made of 
highly weathered metal or wood (Briginshaw, 2013). 
Hence, the elementwise damage and defects such as 
cracks, corrosion, cavities and potholes are seldom on 
OLE elements (Abubeker and Tilahun, 2016; Wu et al., 
2018) relative to generic building/infrastructure 
components such as walls, columns, piers etc. Thus, the Figure 4: Second refinement algorithm 

Figure 3: First refinement algorithm 
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geometric deviations between the pre-defined models for 
OLE elements versus as-is captured data become smaller 
for OLE elements. Hence, the method designs a 
parametric OLE system model, hereafter known as 
‘Model B’, using standard railway electrification 
guidelines (Network Rail, 2018) to represent the geometry 
of the OLE elements. This model preserves the 
geometrical properties of the elements, such as angles 
between and relative distances compared to each element 
of the system. The orientation of Model B constantly 
changes from left to right along the track due to the 
stagger occur in the OLE system. Hence, the authors have 
created 10 variations of Model B, compatible with the left 
and right versions of the 5 types of OLE configurations 
that are widely used in the UK and European railways 
(Network Rail, 2018). Figure 5 (right) illustrates only one 
of those configurations. Note that on the actual model, 
two of these configurations are connected with cables. 

The method defines each of the OLE elements using 
extruded area solid definition in IFC format with the 
cross-sectional dimensions given on Network Rail (2018) 
to define the 2D area profile for each element. The 
extruded area solid defined the extrusion of a 2D area; 
here defined as the section profile, by two attributes. One 
is the extruded direction, defining the direction in which 
the profile is to be swept. The other attribute is the 
distance over which the profile is to be swept. For each 
OLE element, the method defines these distances using 
either mean height (for masts) or length (for every other 
OLE element) obtained from the segmented point 
clusters. The extruded direction and relative angles are 
derived considering the position and the orientation of 
each element relative to 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑟𝑟 . 

Convergence of Model A and Model B 

The method uses Iterative closest point (ICP) algorithm to 
converge Model B to Model A automatically. The method 
set Model A as the reference cloud (𝑅𝑅𝐶𝐶); is kept fixed 
while the left and right orientations of Model B are source 
clouds (𝑆𝑆𝐶𝐶). The method first converts Model B into .pcd 
files, and then these 𝑆𝑆𝐶𝐶  are transformed to find the best 
match with the 𝑅𝑅𝐶𝐶 by minimising the distance (𝑅𝑅𝑅𝑅𝑆𝑆𝐷𝐷) 
between the two (3). 𝑅𝑅𝑅𝑅𝑆𝑆𝐷𝐷 (𝑇𝑇 (𝑆𝑆𝐶𝐶), 𝜇𝜇 (𝑅𝑅𝐶𝐶)) = ∑ 𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟 (𝑟𝑟𝑗𝑗,𝑇𝑇(𝑑𝑑𝑖𝑖 ))2𝐶𝐶 |𝐶𝐶| , 𝑠𝑠𝑑𝑑 , 𝑃𝑃𝑗𝑗  ϵ C  (3) 

where T – transformation, for a set of pairs of points C = 
(𝑠𝑠𝑑𝑑 , 𝑃𝑃𝑗𝑗), 𝑠𝑠𝑑𝑑 ∈  𝑆𝑆𝐶𝐶 , 𝑃𝑃𝑗𝑗 ∈ 𝑅𝑅𝐶𝐶. Hence, by using ICP, the 
method first sorts the correct orientation (left or right) of 

OLE configuration and then converges the sorted model 
on to the correct position and finally gives transformation 
matrix, which provides the corresponding translation 
vector and rotation matrix of the Model B (IFC model) 
relative to Model A (point cluster). This step gives the 
segmented point clusters of the C sections (.pcd), cables 
(.pcd), pre-assemblies of OLE system elements (.ifc) 
along with their transformation matrices (.txt). These 
assemblies and transformation matrices are used to get the 
final railway superstructure GDT.  

Phase 3: Railway Track Structure Digital Twin Gen-

eration 

This phase generates GDTs of railway track structure 
element GDTs using the outputs of phase 1. The outputs 
of phase 3 are railway GDTs in .ifc format.  

Rail and Track Bed Segmentation 

Initially, the method uses the RANSAC plane detection 
algorithm to extract point clusters of the horizontal and 
quasi-horizontal ground planes. A pre-processing step is 
used before the RANSAC algorithm that divides the PCD 
dataset into sub boxes, approximately 60 m long (equals 
to the average span between two pairs of masts), using a 
crop box filter (𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟) and 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑟𝑟 . This allows 
segmenting rails and track beds points despite the track’s 

varying horizontal and vertical elevations. Next, the 
method applies the RANSAC plane detection for each 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 to detect points representing track structure 
elements. 

The authors hypothesise that the only linear element 
on 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 PCD now represents rails, while the rest of the 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 PCD represents track bed. The previously 
calculated 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 are now aligned along the track 
direction; yet, it is difficult to segment rail tracks parallel 
to the track direction, if there is a curvature occurred 
within any 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟. Thus, the method automatically 
segments each 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 such that the resulting pieces (𝑆𝑆𝐶𝐶𝑟𝑟𝑟𝑟) 
are relatively straight enough to segment linear elements 
parallel to track direction. This step delivers 8 𝑆𝑆𝐶𝐶𝑟𝑟𝑟𝑟  s for 
every two pairs of masts (Figure 6). Then the method 
obtains the ground projection for each of these 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 to 
improve RANSAC’s robustness in segmenting linear 
elements.  

Next, the method detects rails using RANSAC as lines 
parallel to track direction with an additional radius 
neighbour search to include any missing points during 
RANSAC detection. However, segmented linear elements 
at this stage represent both rails and other linear elements 
along the rail track direction in railway PCDs. The method 
uses a point-based calculation method to differentiate 

Figure 5: Left: A set of ‘Model A’s. Green - C section, Purple - 

Contact cables, Yellow - Other cables, Right: Model B 

Figure 6: Obtaining 𝑆𝑆𝐶𝐶𝑟𝑟𝑟𝑟 
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point clusters of rails from other linear elements. The 
authors experimentally define two thresholds: (1) 𝐷𝐷𝑟𝑟1 - by 
calculating the ratio between the number of points per 
other linear elements such as walls and fences over the 
number of points per rail point cluster and (2) 𝐷𝐷𝑟𝑟2 - by 
calculating the ratio between the number of points per rail 
point cluster over the number of points per other linear 
elements such as lines on the trackbed and ground along 
the track direction. Rails are now filtered from other linear 
elements using 𝐷𝐷𝑟𝑟1 and 𝐷𝐷𝑟𝑟2. The use of ratios over point 
density provides the robustness required for the method; 
therefore, it will work for any input datasets despite their 
density. Once the method removes the segmented rail 
point clusters from the 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 PCD, the 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 PCD now 
contains track bed points only in line with the authors’ 

initial hypothesis. Following the same notation as in OLE 
element segmentation, the segmented rails and track beds 
are hereinafter known as ‘Model A’. 

Dynamic IFC Models of the Railway Track Structure 

and Convergence 

The method generates parametric models of different rail 
profiles and track bed profiles that exist in the UK and 
Europe railways (Network Rail, 2018) (Model B), 
following the same procedure explained in OLE IFC 
model generation. Next, the method uses the same 
convergence procedure explained previously to 
automatically select the optimum rail/track bed profile 
and converge Model B to Model A. The method then 
moves the .ifc format of the Model Bs (resulting railway 
superstructure and substructure elements) to the correct 
position using the resulting transformation matrices. 
Finally, it merges all units (all railway elements) into one 
file to get the final IFC model of the railway GDT (Figure 
7). (The authors have not illustrated the graphs 
representing calculations for the parameters used in the 
framework due to limited space). 

EXPERIMENTS AND EVALUATION 

Ground Truth Data 

The authors manually generated two sets of Ground Truth 
(GT) datasets consist of three sub-datasets each per one 
railway PCD;  
• GT A: Manually extracted point clusters of railway 

elements from raw railway PCD. They are used to 
compare against the automatically segmented point 
clusters of railway elements. 

• GT B: Manually created railway GDTs and used to 
compare against automated railway element GDTs. 
The authors implemented the solution with the point 

cloud library (PCL) version 1.8.0 using C++ on Visual 
Studio 2017, on a laptop (Intel Core i7-8550U 1.8GHz 
CPU, 16 GB RAM, Samsung 256GB SSD).  

Evaluation of Object Segmentation 

The authors gauged the segmentation accuracy using 
performance metrics; precision (Pr), recall (R) and F1 
score (F1) as (4), (5) and (6). (TP –  correctly segmented 
railway elements, FN – railway elements were not 
segmented, FP – other objects were segmented as railway 
elements). The average segmentation accuracies are given 
in Table 1. 

Table 1: Performance metrics for object detection 

Railway 

element 

F1 scores for datasets  

A B C Avg. 

Mast 92.0% 88.8% 88.6% 90.1% 

Cables 84.5% 84.0% 65.6% 78.6% 

Other OLE 91.1% 86.0% 86.7% 88.6% 

Rails 89.5% 81.5% 83.8% 85.5% 

Track bed 90.1% 87.0% 86.7% 88.4% 

Evaluation of Railway GDTs 

The authors used cloud-to-cloud distance evaluation to 
detect changes between GT B and the automated ones. 
Initially, the authors converted the GT B and the 
automated GDTs into .pcd files. The evaluation method 
computed the Root Mean Square Error (RMSE) between 
each unit of automated GDT of railway elements and the 
corresponding GT B model. The average model distance 
between the two for all 18 km was 3.82 cm RMSE for 
railway superstructure, 3.38 cm RMSE for rails and 2.72 
cm RMSE for track beds. The proposed twinning 
framework reduces manual twinning time by 90.2%. This 
implies the proposed method outperforms the manual 
operation. 

CONCLUSIONS 

This paper presents a framework for automated GDT 
generation of existing railways using airborne PCD to 
meet EURs 1,2,3, and 6. It is the first to use railway 

𝑃𝑃𝑃𝑃 = 𝑇𝑇𝑃𝑃/(𝑇𝑇𝑃𝑃 + 𝐶𝐶𝑃𝑃) (4) 𝑅𝑅 = 𝑇𝑇𝑃𝑃/(𝑇𝑇𝑃𝑃 + 𝐶𝐶𝐹𝐹) (5) 𝐶𝐶1 = 2 ∗ (𝑃𝑃𝑃𝑃 ∗ 𝑅𝑅)/(𝑃𝑃𝑃𝑃 + 𝑅𝑅) (6) 

Figure 7: Top: Detected point clusters of railway elements, 

Bottom: Final railway GDTs  
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topology knowledge as a guide to automatically generate 
railway GDTs in IFC-INFRA format with no prior 
information. Experiments on the 18 km railway dataset 
demonstrate that this framework is more consistent, less 
liable to human errors and a more robust solution for 
railways that stretches over kilometres on the ground. 
Hence, this framework outperforms the current state-of-
the-art methods for generating the geometry of DTIs as it 
does not forfeit precision and manual cost. This is a huge 
leap over the current railway digital twinning practice and 
allows rapid adoption of GDTs for railways.  
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ABSTRACT

Machine-readable Building Information Models
(BIM) are of great benefit for the building operation
phase. Losses through data exchange or issues in
software interoperability can significantly impede
their availability. Incorrect and imprecise semantics
in the exchange format IFC are frequent and compli-
cate knowledge extraction. To support an automated
IFC object correction, we use a Geometric Deep
Learning (GDL) approach to perform classification
based solely on the 3D shape. A Graph Convolu-
tional Network (GCN) uses the native triangle-mesh
and automatically creates meaningful local features
for subsequent classification. The method reaches
an accuracy of up to 85% on our self-assembled,
partially industry dataset.

INTRODUCTION

The use of a standardized data structure is critical to
successfully adopting BIM in the building-operation
phase. Most building operation related tasks require
seamless and automatic data access to vast amounts
of cross-disciplinary data, fast retrieval and spatial lo-
calization of specific data, and the creation of relevant
sub-views to perform specific jobs (Becerik-Gerber
et al. 2012). The Industry Foundation Classes (IFC)
provide an open data exchange format to standard-
ize information flow in the BIM process. However,
the mapping from BIM-to-IFC is not straight for-
ward, and exchanges often result in a loss or mod-
ification of object semantics and information (Koo
et al. 2020), (Ozturk 2020). Misclassified entities,
as defined in a IFC data model, prevent successful
deployment of automation in BIM-supported tasks
during operation (Jang & Collinge 2020, Wu & Zhang
2019) and require tedious rework jobs of the Facility
Management (FM). BIM has its history in computer-
aided-design (CAD) and is still nowadays a method
with primary dependence on geometric modeling and
instance placement. An architect or engineer might
recognize an object seamlessly based on his experience
and thus miss to define an explicit semantic class. In
contrast, the latter’s absence will likely keep the ob-
ject hidden from any automated model parsing. As
BIM requirements are growing to encapsulate various

complex concepts and entities across multiple disci-
plines, the IFC standard becomes highly complex and
requires expert knowledge for the correct semantic
mapping of BIM instances. Consequently, the lack
of rigidness in describing BIM instances makes IFC-
based exchanges unpredictable (Koo et al. 2020).

The absence of semantic object classes is a com-
mon challenge also in the Scan-to-BIM process (Ma
et al. 2018). The reconstructed geometry from point
clouds needs to be segmented and semantically la-
beled before being of use for downstream applica-
tions.

In the following paragraphs, we will first show
why the general classification of 3D shapes is not a
straight-forward task due to the various formats the
data can be encoded in. After that, we describe how
the rapid progress in GDL might be a powerful tool
for imitating a practitioner’s eye and facilitate com-
puterized shape understanding.

3D data formats

BIM elements can be encoded explicitly (definition
by the element’s surface) and implicitly (a series of
construction steps encodes the element). Implicit
representations such as Constructive Solid Geometry
(CSG) or extruded-/swept volumes have different ad-
vantages favoring a traceable and flexible geometry
exchange in the BIM process (Borrmann et al. 2015).
A limiting factor of implicit representations is, all in-
volved software systems’ requirement to support the
operators used for the geometries’ initial creation.

Explicit representation formats such as Boundary
Representations (BRep) or triangulated surface rep-
resentations provide more generic object encoding.
As shown in Figure 1a, surface models consist of a set
of connected polygons or triangles, discretizing an ob-
ject’s continuous surface. Their use extends beyond
BIM and is especially important in visualization-
related applications, such as simulations. Similarly,
solid models, e.g., CSG or voxel-assembled geometry
(Figure 1c) encode the physical space an object oc-
cupies. Depending on the type, one or several solids
form a semantically coherent object. Moreover, point
clouds are commonly known to be acquired by Li-
DAR technology (Bosché et al. 2015), Photogramme-
try (Tuttas et al. 2017), or depth cameras (Armeni
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plines, the IFC standard becomes highly complex and
requires expert knowledge for the correct semantic
mapping of BIM instances. Consequently, the lack
of rigidness in describing BIM instances makes IFC-
based exchanges unpredictable (Koo et al. 2020).

The absence of semantic object classes is a com-
mon challenge also in the Scan-to-BIM process (Ma
et al. 2018). The reconstructed geometry from point
clouds needs to be segmented and semantically la-
beled before being of use for downstream applica-
tions.

In the following paragraphs, we will first show
why the general classification of 3D shapes is not a
straight-forward task due to the various formats the
data can be encoded in. After that, we describe how
the rapid progress in GDL might be a powerful tool
for imitating a practitioner’s eye and facilitate com-
puterized shape understanding.

BIM elements can be encoded explicitly (definition
by the element’s surface) and implicitly (a series of
construction steps encodes the element). Implicit
representations such as Constructive Solid Geometry
(CSG) or extruded-/swept volumes have different ad-
vantages favoring a traceable and flexible geometry
exchange in the BIM process (Borrmann et al. 2015).
A limiting factor of implicit representations is, all in-
volved software systems’ requirement to support the
operators used for the geometries’ initial creation.

Explicit representation formats such as Boundary
Representations (BRep) or triangulated surface rep-
resentations provide more generic object encoding.
As shown in Figure 1a, surface models consist of a set
of connected polygons or triangles, discretizing an ob-
ject’s continuous surface. Their use extends beyond
BIM and is especially important in visualization-
related applications, such as simulations. Similarly,
solid models, e.g., CSG or voxel-assembled geometry
(Figure 1c) encode the physical space an object oc-
cupies. Depending on the type, one or several solids
form a semantically coherent object. Moreover, point
clouds are commonly known to be acquired by Li-
DAR technology (Bosché et al. 2015), Photogramme-
try (Tuttas et al. 2017), or depth cameras (Armeni

(a) (b) (c) (d)

Figure 1: Explicit 3D representations for a 3-way valve: (a) Triangulated mesh (b) point cloud (c) Voxel grid (d) 2D Multi-view images

et al. 2016) and can, depending on the acquisition
settings, offer a very exact representation of the sur-
faces of a scene or object. A set of points in a given
coordinate system (X,Y,Z) encodes for a scene, an ob-
ject shape, or a segment (Figure 1b). Alternatively,
a 3D shape can be represented by its 2D projection
or rendering from multiple view angles (Figure 1d).

When applying Machine Learning (ML), the need
for vast datasets tends to let researchers choose gen-
eral representation formats over native implicit rep-
resentations formats from BIM (Kim et al. 2019).

Deep Learning on 3D data

Deep Learning (DL) has led to considerable break-
throughs in various tasks, notably in computer vision
(Krizhevsky et al. 2012, Czerniawski & Leite 2020).
However, deep layer stacking and the concept of con-
volutional filters by design induce specific priors in
the learning process. These constructs have appeared
to be very suitable, especially in image classification
and segmentation tasks on structured data domains.

While deep learning has matured into a technology
finding its use in commercial applications, its appli-
cation on 3D data is not straight forward. When con-
sidering non-Euclidean data such as surface meshes or
unstructured and irregular point cloud data, the con-
volutional filter’s fundamental assumptions are not
given (Bronstein et al. 2017). Discretizing the 3D
space into a regular density grid or taking multi-
view snapshots of the object are ways to reestablish
a structured data space suitable for deep convolu-
tional learning. Choosing the ideal voxel size in the
first and defining the optimal viewpoint in the second
approach is a challenging preprocessing step and is
likely to impede the conservation of relevant features
for classification tasks. PointNet (Qi et al. 2017) and
it’s wide range of variations operate on point cloud
data directly leveraging important spatial character-
istics native to the data. It treats each point individ-
ually and uses, in the case of PointNet++, symmetric
functions to guarantee the principles of convolution
to apply to 3D data. PointNet, however, does not
consider local connectivity between points and fails
to extract detailed geometrical information (Wang,
Huang, Hou, Zhang & Shan 2019, Wang, Sun, Liu,

Sarma, Bronstein & Solomon 2019).
Geometric deep learning (Bronstein et al. 2017)

is the translation of the key concepts of convolu-
tion to the non-Euclidean domain and allows for im-
proved 3D learning on explicit geometry represen-
tations without data preprocessing or cumbersome
feature engineering. New methods and facilitation
frameworks such as PyTorch Geometric1 or Deep
Graph Library2 unlock the development of algorithms
operating on raw 3D surface meshes.

The abundance and relevance of surface meshes in
BIM and point cloud reconstruction suggest exploring
technologies, capable of leveraging the native data
characteristics. In this context, our contribution can
be summarized as follows:

• The advantages of GDL in the context of IFC
instance classification are identified.

• A method for future assembly of IFC entities for
extended shape learning is presented

• The presented dataset is published as BIM-
GEOM (Collins 2021)

• A basic light-weight GDL architecture is imple-
mented to operate upon the IFC shape encod-
ings.

We start off by showing how previous approaches
dealt with classifying BIM elements and point out the
benefits GDL could have in comparison. In the meth-
ods section we present the workflow leading from IFC
models to two different shape encodings, laying the
base for GDL. We then train a Graph Convolutional
Neural Network (GCN) and discuss the results’ rele-
vance to today’s construction industry challenges.

RELATED WORK

Methods commonly referred to as BIM semantic en-
richment deduce implicit information from meaning-
ful topological and element-wise features. We can
differentiate between rule-based-inference and ML
methods.

Sacks et al. (2017) use single-object features like
e.g volume, extrusion direction and pair-wise topolog-
ical, as well as semantic relationship features such as

1https://pytorch-geometric.readthedocs.io
2https://www.dgl.ai
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”parallel to” or ”neighboring object is X”. Ma et al.
(2018) highlight, that rule-based inference lacks rigor
and suggests to extend their approach with ML.

ML methods have in turn reached significant at-
tention. Koo et al. (2017) extract geometrical fea-
tures such as width, height, length, volume from the
object geometries to train a support-vector-machine
for IFC object outlier detection. The challenge of tra-
ditional Euclidean ML models lies in defining mean-
ingful features derived from the 3D shape.

Kim et al. (2019) use a 2D CNN approach to clas-
sify 3D objects and render multi-view images from
each object. Although the 2D-image approach offers
advantages regarding the availability of datasets for
transfer-training, it neglects structures and patterns
that only exist in 3D. Most recently, Koo et al. (2020)
introduce the thermography of GDL and compare
PointNet to a Multi-View-CNN approach for BIM el-
ements classification. Despite achieving good results,
they argue that the approaches are computationally
too expensive in training and preprocessing for con-
struction industries’ daily practice.

No previous work has investigated non-Euclidean
deep learning methods in the BIM context. The key
idea is to learn high-dimensional vector representa-
tions of local geometry, so-called embeddings, thereby
circumventing the tedious task of geometric feature
selection. We extend the work in this domain by in-
troducing GDL concepts described by Bronstein et al.
(2017) and offer a data-driven classification approach
suitable for domain practitioners.

METHODS AND APPROACH

In order for the GCN to fulfill the classification
task, training on labeled data is required. The pro-
cess of preparing a GCN for building element classifi-
cation is as follows: 1. Assembly, preprocessing, and
encoding of shapes, 2. iterative optimization of the
networks trainable parameters (training), and 3. val-
idation of the network on unseen data. We assemble
a dataset of building models from both, industry and
academia and form with it the basis of our approach.

Data assembly

The characteristics of the training dataset must well
reflect the characteristics of the domain the network
is supposed to be applied to later. Otherwise the
network might overfit to the more specific cases pre-
sented in the training dataset.

Ideally, the trained network can predict the class
of shapes independent of the

1. authoring software and vendor specific modelling
differences

2. building functionality and its implications on lay-
outs

3. Level of Geometry (LoG), low LoG remnants
from early project stages

4. repetitive nature of some construction elements,
causing over- and under-represented classes

The aspects are considered in the following assembly
steps.

22 IFC files are used for data collection, authored
in Autodesk Revit and ArchiCAD by different do-
main practitioners (addressing Item 1). Here, we as-
sume that the BIM-to-IFC mappings are set correctly
by the author and perform a brief manual verifica-
tion. A similarly significant share of models repre-
sents office buildings and public buildings (Item 2).
Although no closer attention is given to LoG dur-
ing assembly, Item 3 is discussed in the result sec-
tion. The Application Programming Interface (API)
of SimpleBIM is used to tag unique geometries based
on their representations. We thereby avoid extract-
ing repetitive elements from the IFC models (Item
4). The IFC geometries of interest are extracted from
the tagged files with IfcOpenShell3, triangulated us-
ing the PythonOCC libraries4, and divided into train-
ing(80%) and test(20%) set for learning and vali-
dating. The dataset consists of structural elements
(IfcWall, IfcSlab, IfcColumn, IfcWindow, IfcDoor,
IfcStair IfcRailing), the equipment (IfcFlowTerminal,
IfcFlowSegment, IfcFlowFitting, IfcDistributionCon-
trolElement, IfcFlowController) and the interior fur-
niture (IfcFurnishingElements), an example of each is
shown in Figure 3.

Table 1 shows the final dataset composition. A
maximum of 100 randomly unique geometries per IFC
file is set to avoid over-representing one element class.
It prevents abundant element classes with mostly
unique geometries like IfcWall and IfcSlab from dom-
inating the final data (Item 4).

Data prepossessing and encoding in a graph

The type of neural network used for element classi-
fication influences the preprocessing effort and, con-
sequently, considerably the feature availability and
granularity. Our neural network should run on data
closest possible to the original geometry represen-
tation. We also argue that the less preprocessing
steps are needed the more intuitive, generalizable,
and light-weight the shape learning process becomes.

A graph is formulated as G = (V,W ); consisting
of a set of vertices V and an adjacency matrix W

representing the nodes’ connectivity. For connected
nodes, the matrix W can take the value 1; 0 other-
wise. In our case, we weight the edges according to
the normalized Euclidean distance between the con-
nected nodes, letting W take continuous values. Each
node in the graph is associated with a set of features

3http://ifcopenshell.org/python
4http://www.pythonocc.org/
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”parallel to” or ”neighboring object is X”. Ma et al.
(2018) highlight, that rule-based inference lacks rigor
and suggests to extend their approach with ML.

ML methods have in turn reached significant at-
tention. Koo et al. (2017) extract geometrical fea-
tures such as width, height, length, volume from the
object geometries to train a support-vector-machine
for IFC object outlier detection. The challenge of tra-
ditional Euclidean ML models lies in defining mean-
ingful features derived from the 3D shape.

Kim et al. (2019) use a 2D CNN approach to clas-
sify 3D objects and render multi-view images from
each object. Although the 2D-image approach offers
advantages regarding the availability of datasets for
transfer-training, it neglects structures and patterns
that only exist in 3D. Most recently, Koo et al. (2020)
introduce the thermography of GDL and compare
PointNet to a Multi-View-CNN approach for BIM el-
ements classification. Despite achieving good results,
they argue that the approaches are computationally
too expensive in training and preprocessing for con-
struction industries’ daily practice.

No previous work has investigated non-Euclidean
deep learning methods in the BIM context. The key
idea is to learn high-dimensional vector representa-
tions of local geometry, so-called embeddings, thereby
circumventing the tedious task of geometric feature
selection. We extend the work in this domain by in-
troducing GDL concepts described by Bronstein et al.
(2017) and offer a data-driven classification approach
suitable for domain practitioners.

In order for the GCN to fulfill the classification
task, training on labeled data is required. The pro-
cess of preparing a GCN for building element classifi-
cation is as follows: 1. Assembly, preprocessing, and
encoding of shapes, 2. iterative optimization of the
networks trainable parameters (training), and 3. val-
idation of the network on unseen data. We assemble
a dataset of building models from both, industry and
academia and form with it the basis of our approach.

The characteristics of the training dataset must well
reflect the characteristics of the domain the network
is supposed to be applied to later. Otherwise the
network might overfit to the more specific cases pre-
sented in the training dataset.

Ideally, the trained network can predict the class
of shapes independent of the

1. authoring software and vendor specific modelling
differences

2. building functionality and its implications on lay-
outs

3. Level of Geometry (LoG), low LoG remnants
from early project stages

4. repetitive nature of some construction elements,
causing over- and under-represented classes

The aspects are considered in the following assembly
steps.

22 IFC files are used for data collection, authored
in Autodesk Revit and ArchiCAD by different do-
main practitioners (addressing Item 1). Here, we as-
sume that the BIM-to-IFC mappings are set correctly
by the author and perform a brief manual verifica-
tion. A similarly significant share of models repre-
sents office buildings and public buildings (Item 2).
Although no closer attention is given to LoG dur-
ing assembly, Item 3 is discussed in the result sec-
tion. The Application Programming Interface (API)
of SimpleBIM is used to tag unique geometries based
on their representations. We thereby avoid extract-
ing repetitive elements from the IFC models (Item
4). The IFC geometries of interest are extracted from
the tagged files with IfcOpenShell , triangulated us-
ing the PythonOCC libraries , and divided into train-
ing(80%) and test(20%) set for learning and vali-
dating. The dataset consists of structural elements
(IfcWall, IfcSlab, IfcColumn, IfcWindow, IfcDoor,
IfcStair IfcRailing), the equipment (IfcFlowTerminal,
IfcFlowSegment, IfcFlowFitting, IfcDistributionCon-
trolElement, IfcFlowController) and the interior fur-
niture (IfcFurnishingElements), an example of each is
shown in Figure 3.

Table 1 shows the final dataset composition. A
maximum of 100 randomly unique geometries per IFC
file is set to avoid over-representing one element class.
It prevents abundant element classes with mostly
unique geometries like IfcWall and IfcSlab from dom-
inating the final data (Item 4).

The type of neural network used for element classi-
fication influences the preprocessing effort and, con-
sequently, considerably the feature availability and
granularity. Our neural network should run on data
closest possible to the original geometry represen-
tation. We also argue that the less preprocessing
steps are needed the more intuitive, generalizable,
and light-weight the shape learning process becomes.

A graph is formulated as ; consisting
of a set of vertices and an adjacency matrix
representing the nodes’ connectivity. For connected
nodes, the matrix can take the value 1; 0 other-
wise. In our case, we weight the edges according to
the normalized Euclidean distance between the con-
nected nodes, letting take continuous values. Each
node in the graph is associated with a set of features

Table 1: BIMGEOM class distribution: Total no. of geometries
(G), no. of unique geometries (UG) and the no. of selected

geometries (SG) limiting 100 UG per IFC file

Category G UG SG

IfcWall 39’474 23’381 2’000

IfcSlab 7’541 6’828 1’395

IfcColumn 6’752 2’307 1’280

IfcWindow 9’531 932 776

IfcDoor 8’473 1’917 1’313

IfcStair 762 668 668

IfcRailing 2’546 2’192 1’068

IfcFlowTerminal 13’849 679 498

IfcFlowSegment 39’596 29’902 308

IfcFlowFitting 29’734 3’624 202

IfcDistributionControlElement 7’778 220 181

IfcFlowControler 4’907 233 175

IfcFurnishingElement 6’200 773 371

Total 177’143 73’656 10’146

X , normalized coordinates and normal vectors. We
denote the node’s neighborhood as N(v).

A tessellated mesh translates to a graph intu-
itively; the triangle vertex points formulate the set
of vertices V , the triangles’ boundaries the matrix
W . Figure 2a illustrates the graph formulated from
the tessellated mesh upon batch generation. We no-
tice that the transformation of low LoD geometry to
a triangulated surface mesh results in planar surfaces
being approximated by a single or relatively few large
triangles. High LoD geometry in turn is character-
ized by a high density of triangles with a relatively
small surface area. In some cases this Mesh-To-Graph
method results in a rather simplistic graph on which
we suppose the network to overfitt quickly. Gener-
alization to even slightly different appearances might
be difficult.

To counteract this, we choose an additional alter-
native encoding. We uniformly sample 1024 points
(similarly to Qi et al. (2017)) from the mesh facees
proportionally to their face area. The result is a
synthetic point cloud encoding for the shape. A k-
Nearest-Neighbor (k-NN) graph is created, based on
the node position in the metric space, see Figure 2b.
This encoding has the advantage that more graph
nodes more thoroughly represent low LoD geometry.
In contrast, local high LoD geometry is approximated
by only a few sampled points. K = 5 was found to
perform best.

Figure 2a-b illustrate the differences in encoding
for low LoD regions, 2c-d in turn show a local zoom
on a high LoD region. The mesh graph comparatively
lacks nodes on the large door faces but manifests a
high node density at the geometrically more complex
areas such as the door handle. In turn, the 5-NN
graph shows a more uniform node density across the
shape, looses however important details for complex

a b c d

Figure 2: Encoding variations for IfcDoor and a zoom on the
door handle: (a) & (c) Graph translated from surface mesh, (b)
& (d) Point Sampling and subsequent creation of 5-NN graph

Figure 3: Dataset samples: (from left to right, as read) IfcWall,
IfcSlab, IfcColumn, IfcWindow, IfcDoor, IfcStair, IfcRailing,

IfcFlowTerminal, IfcFlowSegment, IfcFlowFitting,
IfcDistributionControlElement, IfcFlowController,

IfcFurnishingElement

local geometry. Combining the methods to leverage
the advantages of both, lies beyond the scope of this
paper.
GCN architecture choices and training setting

To assemble a well performing GCN, several architec-
tural choices such as the number of layers, the width
of feature channels, the activation function, the opti-
mizer, drop-out strategy and the loss function, have
to be made. Such parameter optimizations are per-
formed iteratively on a subset of BIMGEOM and lead
to the described design choices. For further insights
we publish our code on GitHub5. The best perform-
ing architecture after parameter optimization is then
used for training.

The GCN is trained such that the final embed-
dings allow for classification. The need for cumber-
some 3D feature engineering as used in related clas-
sification approaches is thereby obleviated.

Equations 1 - 3 formalize the described approach.
The embedding h

0
v of node v correspond to the initial

input features described earlier. Every subsequent
high-dimensional node embedding is obtained by ap-
plying a nonlinear transformation σ to the sum of the
weighted aggregation of neighborhood embeddings hu

and the weighted embedding of node v itself, hv. In a
multi-layer graph convolution network where K > 1,
the output of Eq. 3 serves as an input for the subse-
quent convolutional layer. The trainable weight ma-

5https://github.com/fclairec/geometric-ifc
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Figure 4: Graph convolutional neural network architecture for element classification: The network takes N points as an input for both
graph encoding variations. Each node has 3-dimensions d and an additional set of features X . Random transformations, such as

rotations, random translation per node, allow for dataset balancing.

trices Wk and bias matirces Bk are, similar to ker-
nels in CNNs operating on images, shared amongst
all nodes in one convolutional layer. We set the ag-
gregation of neighborhood embeddings to ”sum” for
this work.

In practice, this means that in a three-layered
GCN as used here, each node will have updated its
embedding three times, every time considering the
features from its direct neighborhood. The final em-
bedding h3

v of node v will contain information from
its three-hop neighborhood.

h
0

v = xv (1)

h
k
v = σ

(

Wk ∑h
k−1

u +Bkh
k−1

v

)

∀k ∈ {1, . . . ,K} and ∀u ∈ N(v)
(2)

zv = h
K
v (3)

A multi-layer graph convolution architecture, as seen
in Figure 4 is implemented and serves as a basis for
our experiments. Throughout the three model lay-
ers, the embeddings are concatenated with those of
the respective prior layer. The concatenation allows
the network to forget about the updated, potentially
less useful embeddings, and fall back to use the previ-
ous layer’s embeddings solely. A dropout rate of 0.2
is introduced as a regularization strategy. As an acti-
vation function, we choose ReLU. The global pooling
layer takes the feature-wise maximum across nodes,
forming the final embedding of dimension 256 and
forwards them to a fully connected layer. Finally, a
cross-entropy loss guarantees good training for clas-
sification purposes.

The training was conducted over 250 epochs with
early stopping. We found the network to perform best
with a learning rate of 0.001, and batch size 30.

The dataset is balanced with class subsampling
and dataset augmentation to avoid biases towards
dominant classes in the dataset. We transformed ev-
ery sample randomly upon loading. Apart from pre-

venting overfitting on specific graph constellations,
such transformation steps have other advantages:

• Scale normalization permits the network to clas-
sify shapes independent of their scale.

• Translations in the range of 0 to 0.01 (in refer-
ence to unit scale) are applied to each node. In
the case of the 5-NN graph encoding, this has
the benefit of the training samples being more
similar to noisy reconstructed meshes from the
Scan-to-BIM use case.

• Random rotations of 360° with respect to all 3
axes guarantee the network to be rotation invari-
ant. Even-though graphs are rotation-invariant
by definition, the addition of absolute coordi-
nates in the node features induces a bias.

• Evening class size reduces bias towards over-
represented samples, e.g., IfcWall. By applying
random transformations, samples from under-
represented classes are drawn several times from
the dataset, and each time modified slightly.

Arguably, the network could or could not be rotation
and scale invariant. In most cases it is a justified
assumption, that the building elements are correctly
oriented with respect to their z-axis. We therefore in-
vestigate our networks performance by adding a bias
of a correctly oriented z-axis to the network by apply-
ing random rotation only around the z-axis. Out of
scope in this work lies the consideration of absolute
shape size for better classification purposes.

We report the classification results with means of
the per class and overall test accuracy. Additional
insights are discussed using a confusion matrix.

EXPERIMENTS AND USE CASE SCE-

NARIO

Classification performances

We evaluate our trained GCN architecture on the
given test set of BIMGEOM. The overall test ac-
curacy reported is 0.73 for the Mesh-to-Graph and
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trices and bias matirces are, similar to ker-
nels in CNNs operating on images, shared amongst
all nodes in one convolutional layer. We set the ag-
gregation of neighborhood embeddings to ”sum” for
this work.

In practice, this means that in a three-layered
GCN as used here, each node will have updated its
embedding three times, every time considering the
features from its direct neighborhood. The final em-
bedding of node will contain information from
its three-hop neighborhood.

and

A multi-layer graph convolution architecture, as seen
in Figure 4 is implemented and serves as a basis for
our experiments. Throughout the three model lay-
ers, the embeddings are concatenated with those of
the respective prior layer. The concatenation allows
the network to forget about the updated, potentially
less useful embeddings, and fall back to use the previ-
ous layer’s embeddings solely. A dropout rate of 0.2
is introduced as a regularization strategy. As an acti-
vation function, we choose ReLU. The global pooling
layer takes the feature-wise maximum across nodes,
forming the final embedding of dimension 256 and
forwards them to a fully connected layer. Finally, a
cross-entropy loss guarantees good training for clas-
sification purposes.

The training was conducted over 250 epochs with
early stopping. We found the network to perform best
with a learning rate of 0.001, and batch size 30.

The dataset is balanced with class subsampling
and dataset augmentation to avoid biases towards
dominant classes in the dataset. We transformed ev-
ery sample randomly upon loading. Apart from pre-

venting overfitting on specific graph constellations,
such transformation steps have other advantages:

Scale normalization permits the network to clas-
sify shapes independent of their scale.
Translations in the range of 0 to 0.01 (in refer-
ence to unit scale) are applied to each node. In
the case of the 5-NN graph encoding, this has
the benefit of the training samples being more
similar to noisy reconstructed meshes from the
Scan-to-BIM use case.
Random rotations of 360° with respect to all 3
axes guarantee the network to be rotation invari-
ant. Even-though graphs are rotation-invariant
by definition, the addition of absolute coordi-
nates in the node features induces a bias.
Evening class size reduces bias towards over-
represented samples, e.g., IfcWall. By applying
random transformations, samples from under-
represented classes are drawn several times from
the dataset, and each time modified slightly.

Arguably, the network could or could not be rotation
and scale invariant. In most cases it is a justified
assumption, that the building elements are correctly
oriented with respect to their z-axis. We therefore in-
vestigate our networks performance by adding a bias
of a correctly oriented z-axis to the network by apply-
ing random rotation only around the z-axis. Out of
scope in this work lies the consideration of absolute
shape size for better classification purposes.

We report the classification results with means of
the per class and overall test accuracy. Additional
insights are discussed using a confusion matrix.

We evaluate our trained GCN architecture on the
given test set of BIMGEOM. The overall test ac-
curacy reported is 0.73 for the Mesh-to-Graph and

Table 2: Classification results reported as overall accuracy (OA) and accuracy per class. The reported values are an average of 5
trainings. The per class accuracy is calculated as the number of correctly classified samples normalized by the total samples of the

respective class in the augmented dataset. We compare the outcome of the two graph encoding variations Mesh-to-Graph and
5-NN-Graph. * denotes experiments where only random rotations around the x,y plane were applied (fixed in z-direction).

Encoding OA IfcWa IfcSl IfcCo IfcWi IfcDo IfcSt IfcRai IfcFT IfcFSe IfcFFi IfcDiCoEl IfcFCo IfcFuEl

Mesh to Graph 0.73 0.67 0.72 0.85 0.63 0.89 0.82 0.65 0.37 0.84 0.73 0.78 0.82 0.19

5-NN Graph 0.67 0.86 0.79 0.85 0.29 0.80 0.77 0.48 0.33 0.32 0.71 0.80 0.70 0.09

Mesh to Graph* 0.85 0.75 0.82 0.90 0.80 0.70 0.75 0.65 0.79 0.74 0.86 0.83 0.81 0.51

5-NN Graph* 0.83 0.83 0.92 0.93 0.71 0.93 0.95 0.83 0.64 0.79 0.83 0.81 0.78 0.30

0.67 for 5-NN-Graph encoding. When training the
network with a bias around the oriented z-axis the
overall test accuracy increases to 0.85 and 0.83, re-
spectively. In Table 2, additionally, the accuracy per
class is reported. We note that both, the overall, as
well as the per-class accuracy represent the amount
of correctly classified elements (per class) relative to
the total samples (of each class) in the balanced test
set. Since class balancing results in multiple sampling
and transforming elements from under-represented
classes, we have to consider the risk of network bi-
ases for such classes. Additional insight is given by
considering the amount of confusion for each class,
see the confusion matrix in Figure 6.

Rotation invariant network

Although, when rotation invariant, individual classes
perform relatively well for both encodings (Ifc-
Door, IfcStair, IfcFlowController), IfcFurnishingEle-
ment and IfcFlowTerminal are conspicuous. These
classes contain the most geometrical variance (e.g.,
chair and bookshelf or water tap and a ventilation
outlet) and show the need for a classifier at the sub-
type level or the consideration of context informa-
tion. Figure 5 aims to give insight into the inter-class
variance for IfcFowTerminal and IfcDoor. IfcDistri-
butionControlElement is supposedly not represented
well enough in the dataset but is often approximated
by dummy geometry or vendor-specific geometries.
The network, performing well for this class, might
be reflecting a bias towards the specific shape type
present in the dataset.

The Mesh-to-Graph encoding performs signifi-
cantly better than the 5-NN encoding for IfcRailing,
and IfcFlowSegment, IfcWindow, worse however for
IfcWall and IfcSlab. One cause for this could be the
difference in point density at high LoD regions be-
tween the two approaches, for example, at the door-
or window handles. During preprocessing too few
points are sampled in such areas. Similarly, the subtle
changes in surface geometry between a windows’ glaz-
ing and its frame might be approximated too coarsely
in the 5-NN approach. The flexible representation
of triangle meshes seems to have its benefits when
shapes have varying surface complexities. An impre-
cision in encoding caused by the 5-NN graph con-

struction might additionally cause lousy performance
for IfcRailing: Sampled points on the same bar could
lie further apart than they do to points on the neigh-
boring bar and cause imprecise graph connections..
The network’s confusion between IfcStair and IfcRail-
ing might be an indicator of this.

On the other hand, the better performance of the
5-NN approach in classes such as IfcWall and IfcSlab,
suggests that the nodes on the large flat surfaces are
essential for classification. For instance, the similarity
of normal vectors on large triangle surfaces might not
be identified for the Mesh-to-Graph encoding due to
the absence of nodes on the surface.

IfcFlowSegments are confused partially with Ifc-
Columns and IfcWalls with IfcSlabs or IfcColumns.
We believe that rotation invariance impedes a rea-
sonable classification in this case.

Figure 5: Inter-class variability for IfcFlowTerminal (top-row)
and IfcDoor (bottom-row): Some examples from the dataset are

shown

Z-oriented-axis biased network

When we add a network bias around the oriented
z-axis, most classes’ classification accuracies are
promising. Although different for both encodings, it
can generally be said that the intentional bias adds
certainty where we would, as domain experts, expect
it to, e.g., IfcWall, IfcSlab, IfcWindow, IfcFlowSeg-
ment, IfcFurnishingElememnt, IfcRailing.

Same as in the rotation invariant encoding, the
overall accuracy is slightly higher for the Mesh-to-
Graph encoding. However, the total number of
classes performing better is higher for the 5-NN ap-
proach.

IfcFurnishingElement still performs poorly for
both encodings, although the performance for the
Mesh-to-Graph encoding has increased considerably.
When looking into the individual predictions, the net-
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work classifies many non-simplified IfcFurnishing ele-
ments correctly for the Mesh-to-Graph encoding. We
suppose that happens thanks to higher node density
at high LoD geometry for the mesh-graph than the 5-
NN-Graph. Details such as furniture-leg extremities
and bookshelf handles seem to be learned correctly
and account for some good predictions. The high di-
versity in the class IfcFurnishingElement would how-
ever suggest investigating classification at subtype
level. For classes with no particular orientation in
the building, e.g., IfcFlowController, the z-bias do not
lead to significant performance increases.
The confusion between classes for this experiment are
depicted in Figure 6.

Despite the bias in z-direction, confusion occurs
between IfcFlowSegment and IfcColumn, which is ex-
plicable by the IfcFlowSegents also being vertically
present in a typical building. IfcWall still manifests
confusion with IfcColumn. For the mentioned classes,
we suggest that context information or scale infor-
mation is needed for a yet more precise classification.
The confusion between IfcWall with IfcSlab has been
reduced considerably by introducing the bias.

IfcFurnishingElements are, on the one hand, most
often confused with IfcDistributionControlElements
or IfcWall and on the other hand with IfcFlowFit-
ting. The first confusion is explicable by dummy
cuboid geometries being present in both IfcFurnishin-
gElement and IfcDistributionControlElement classes
and the missing scale information due to shape nor-
malization. Low IfcWalls and compact IfcFlowFit-
ting cuboids, similarly, can resemble approximated
dummy benches, tables, and bookshelves. For such
cases, it becomes essential to consider context in-
formation for increasing classification performance.
IfcFurnishingElement, being classified as IfcFlowTer-
minal, might be explained by the latter manifesting
long-straight geometrical forms (fixations extending
to e.g. ceiling or floor or long LED strips). The
furniture-leg extremities are most likely confused with
them.

IfcWindows often misclassified as IfcDoors, how-
ever not in the opposite way. Especially single winged
IfcWindows are without window sill are mistaken for
doors. IfcWindows manifesting either of such a char-
acteristic are very likely to be recognized correctly.

Generally, the equipment classes such as IfcFlow-
Controller and IfcFlowTerminal manifest more confu-
sion amongst themselves than they do with structural
elements. This holds for the 5-NN approach as well as
for the Mesh-to-Graph approach. We deduce that the
weighted adjacency matrix encodes well for the phys-
ical distances between the nodes and lets the network
differentiate between structural elements and equip-
ment. Seemingly, the network identifies close-range
geometrical features similarly well as long-range fea-
tures.

Benchmark evaluation for Scan-To-BIM workflow

Additionally to validating our trained model on the
unseen test data of BIMGEOM, we extend the valida-
tion to a benchmark dataset without retraining. As
described earlier, the object classification of surface
meshes can become useful in the Scan-To-BIM pro-
cess. The reconstruction of surfaces from point clouds
is a challenging task for itself. After reconstruction,
the next task is instance segmentation and classifica-
tion, which, as we argue, could benefit from advances
in deep learning on surface models as presented in our
approach. We thus evaluate our approach in the con-
text of Khoshelham et al. (2017)’s benchmark dataset
for indoor modeling. Apart from the point clouds
and respective IFC models, the dataset does not con-
tain reconstructed surface mesh entities to test our
algorithm. Therefore, we apply the same methods
described for data assembly and report the overall
prediction performances as overall accuracy in Table
3. The dataset lacks equipment and furnishing in-
stances, limiting our evaluation’s scope to the follow-
ing structural classes: IfcWall, IfcSlab, IfcWindow,
IfcDoor, IfcColumn, IfcStair, IfcRailing. The over-
all prediction accuracy is 0.54 for the Mesh-to-Graph
approach and 0.81 for the 5-NN-Point-Graph enod-
ing. We can argue that the GCN trained on the 5-
NN encoding has a better generalization power. We
attempt to explain this by pointing out that, points
are sampled at random from the mesh surfaces during
data augmentation, yielding a slightly different graph
for training at each time. In contrast, the Mesh-to-
Graph encoding corresponds in each case to the initial
connectivity present in the input shape. Except for
the random noise (translation) added, the training
samples will look the same each time. The Mesh-
to-Graph approach thus requires a bigger dataset for
better generalization. The 5-NN, arguably, general-

Figure 6: Confusion matrix (rows:true labels,
columns:predicted labels) for element encoding as 5-NN Graph,

biased for z-oriented axis. The matrix is normalized by the
number of true labels in each class. The diagonal entries thus

are the same as the accuracy per class reported in Table 2
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work classifies many non-simplified IfcFurnishing ele-
ments correctly for the Mesh-to-Graph encoding. We
suppose that happens thanks to higher node density
at high LoD geometry for the mesh-graph than the 5-
NN-Graph. Details such as furniture-leg extremities
and bookshelf handles seem to be learned correctly
and account for some good predictions. The high di-
versity in the class IfcFurnishingElement would how-
ever suggest investigating classification at subtype
level. For classes with no particular orientation in
the building, e.g., IfcFlowController, the z-bias do not
lead to significant performance increases.
The confusion between classes for this experiment are
depicted in Figure 6.

Despite the bias in z-direction, confusion occurs
between IfcFlowSegment and IfcColumn, which is ex-
plicable by the IfcFlowSegents also being vertically
present in a typical building. IfcWall still manifests
confusion with IfcColumn. For the mentioned classes,
we suggest that context information or scale infor-
mation is needed for a yet more precise classification.
The confusion between IfcWall with IfcSlab has been
reduced considerably by introducing the bias.

IfcFurnishingElements are, on the one hand, most
often confused with IfcDistributionControlElements
or IfcWall and on the other hand with IfcFlowFit-
ting. The first confusion is explicable by dummy
cuboid geometries being present in both IfcFurnishin-
gElement and IfcDistributionControlElement classes
and the missing scale information due to shape nor-
malization. Low IfcWalls and compact IfcFlowFit-
ting cuboids, similarly, can resemble approximated
dummy benches, tables, and bookshelves. For such
cases, it becomes essential to consider context in-
formation for increasing classification performance.
IfcFurnishingElement, being classified as IfcFlowTer-
minal, might be explained by the latter manifesting
long-straight geometrical forms (fixations extending
to e.g. ceiling or floor or long LED strips). The
furniture-leg extremities are most likely confused with
them.

IfcWindows often misclassified as IfcDoors, how-
ever not in the opposite way. Especially single winged
IfcWindows are without window sill are mistaken for
doors. IfcWindows manifesting either of such a char-
acteristic are very likely to be recognized correctly.

Generally, the equipment classes such as IfcFlow-
Controller and IfcFlowTerminal manifest more confu-
sion amongst themselves than they do with structural
elements. This holds for the 5-NN approach as well as
for the Mesh-to-Graph approach. We deduce that the
weighted adjacency matrix encodes well for the phys-
ical distances between the nodes and lets the network
differentiate between structural elements and equip-
ment. Seemingly, the network identifies close-range
geometrical features similarly well as long-range fea-
tures.

Additionally to validating our trained model on the
unseen test data of BIMGEOM, we extend the valida-
tion to a benchmark dataset without retraining. As
described earlier, the object classification of surface
meshes can become useful in the Scan-To-BIM pro-
cess. The reconstruction of surfaces from point clouds
is a challenging task for itself. After reconstruction,
the next task is instance segmentation and classifica-
tion, which, as we argue, could benefit from advances
in deep learning on surface models as presented in our
approach. We thus evaluate our approach in the con-
text of Khoshelham et al. (2017)’s benchmark dataset
for indoor modeling. Apart from the point clouds
and respective IFC models, the dataset does not con-
tain reconstructed surface mesh entities to test our
algorithm. Therefore, we apply the same methods
described for data assembly and report the overall
prediction performances as overall accuracy in Table
3. The dataset lacks equipment and furnishing in-
stances, limiting our evaluation’s scope to the follow-
ing structural classes: IfcWall, IfcSlab, IfcWindow,
IfcDoor, IfcColumn, IfcStair, IfcRailing. The over-
all prediction accuracy is 0.54 for the Mesh-to-Graph
approach and 0.81 for the 5-NN-Point-Graph enod-
ing. We can argue that the GCN trained on the 5-
NN encoding has a better generalization power. We
attempt to explain this by pointing out that, points
are sampled at random from the mesh surfaces during
data augmentation, yielding a slightly different graph
for training at each time. In contrast, the Mesh-to-
Graph encoding corresponds in each case to the initial
connectivity present in the input shape. Except for
the random noise (translation) added, the training
samples will look the same each time. The Mesh-
to-Graph approach thus requires a bigger dataset for
better generalization. The 5-NN, arguably, general-

ized well with an overall accuracy of 0.81 The bench-
mark shapes are rather simplistically modeled (low
LoG) since the IFCs are reconstructions from point
clouds rather than models used for construction plan-
ning. To increase the performance of our approach to
100%, we require an extension of our approach with
context information or a higher LOG modeling de-
gree.

Table 3: Inference results on Indoor Modelling Benchmark
Dataset (Khoshelham et al. 2017)

Model name OA

Mesh to Graph 0.53

5-NN Graph 0.66

Mesh to Graph* 0.54

5-NN Graph* 0.81

Model complexity in 3D learning

The last experiment compares our approach with re-
spect to its computational efficiency. Next to predic-
tion performance, the number of trainable parameters
and the amount of preprocessing steps are essential
points, determining the algorithms’ feasibility in the
construction industry’s practice. As Koo et al. (2020)
most recently points out, the computational inten-
sity of heavy approaches is a practical drawback for
deployment. Compared to deep learning approaches
such as PointNet++ and MVCNN, mentioned in Koo
et al. (2020), our model has considerably fewer pa-
rameters. Table 4 shows that our GCN model re-
duces the number of trainable parameters by a factor
of 10 compared to PointNet++ and achieves simi-
lar overall accuracies. Regarding the preprocessing
steps, our approach avoids selecting the ideal view-
points for multi-view image capture and, in the case
of the Mesh-to-Graph encoding, avoids a point sam-
pling as performed in PointNet++.
Table 4: Deep learning architecture complexity: Total amount
of trainable parameters (TP), mean epoch time (MET) [s] for
specified hardware, and batch size. PointNet++ is deployed
without its spatial transformer and trained on the same train

and test data. Additionally reported is Koo et al. (2020)s results
of the number of parameters for MVCNN

Model name # TP MET [s] OA

GCN 126’925 10.5 0.85

PointNet++ 3.5 M. 189.5 0.86

MVCNN 60 M. - -

RESULT DISCUSSION

For excellent support of the industry’s practition-
ers, the network would need to achieve accuracies
close to 100%. Considering the limited scope of cer-
tain training data in the BIM community, we believe
the reported overall accuracies of above 80% to be a

promising step in the direction of automated model
correction. The experiments showed, the network to
have difficulties coping with high-geometric-variance
classes such as IfcFurnishingElement or IfcFlowTer-
minal. The network’s final layers do not seem to allow
for different geometrical feature learning within one
class. Investigating this issue further and addressing
it by adapting the model architecture or classifying
elements into more detailed sub-types might be ben-
eficial. Since the benchmark dataset does not include
all classes and limits the conclusion on generalization
power, we remain careful about conclusions regarding
the preferred form of graph encoding. The net-
work captures localized, fine-grained geometric vari-
ations as well as long-range features well for both en-
codings. This ability of GCNs to deduce relevant ge-
ometrical features automatically reduces the need for
manual geometric feature definition, as suggested by
various work introduced earlier.

Limitations & Overfitting

We partially address the issue of little publicly avail-
able data Ma et al. (2018) by publishing the dataset
used in this work. However, especially since most
IFC models lack equipment, overfitting is an issue.
The network is most likely biased for vendor-specific
equipment types and might perform poorly on others.

The IFC models used for this work are assumed
to have semantically correct elements. Only a short
visual analysis has been performed to check the data
consistency.

Relevance for BIM/FM practitioners

This work’s motivation originated from stakeholder-
specific or lacking construction element classes im-
peding the automated use of BIM in the operation
phase. This work suggests a generic, adaptive, and
light-weight machine learning approach to map con-
struction elements to stakeholder-specific data mod-
els, thereby unlocking further automation in FM re-
lated data retrieval tasks. Avoiding tedious feature
selection and operating on close-to-native IFC geom-
etry, we imagine that the method could be embedded
in any BIM parsing application. Despite our re-
sults being limited to IFC classes’ granularity, our
approach can be extended to operate on other classi-
fication systems such as Omniclass or Uniclass.

CONCLUSION & OUTLOOK

The lack of correct semantic classes needed for
building operation could be improved with methods
such as ours. The full capacities of GDL in this
context is promising and suggests further work into
the direction, especially regarding the inclusion of
context information.
For our approach to be of value for the Scan-to-BIM
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workflow, future work could proceed to evaluate
it together with a preceding mesh reconstruction
and instance segmentation. When reconstructing
point clouds, occlusions or incorrect surface recon-
struction result in incomplete shapes, challenging
segmentation and classification. In future work, the
knowledge of our research could be extended with
an ablation study with respect to node removal and
shape completion.
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ABSTRACT 

Construction Industry (CI) tasks often consist of manual 

work and work-machine systems. Still, the craft work-

force is the primary site labour dimension. Construction 

tasks are mainly artisanal and low productivity is one of 

the CI main concerns. There is a gap in craftwork model-

ling methods and a lack of research on construction tasks 

mechanization assessment. This work quantitatively as-

sesses four on-site tasks' mechanization level through 

modelling the crew processes using work sampling and 

Monte Carlo methods. In addition, craft workers on duty 

dressed up wearables and through interviews delivered 

their impressions about electronic monitoring and task’s 

mechanization. 

INTRODUCTION 

The trends towards Construction 4.0 suggest the increased 

involvement of digitalization and automatization. Human 

craft workforce is the industry's primary productive force 

and new monitoring methods can bring relevant outcomes 

for overall productivity, constituting therefore an im-

portant research topic. In addition, tasks with a higher 

level of mechanization achieve more significant output in-

dexes (Hwang et al., 2019). 

In what relates to the work routines at construction 

sites, two main vectors of innovation can be highlighted. 

These are electronic performance monitoring (digitaliza-

tion) and efficiency improvement through the employ-

ment of tools, machines, and equipment (mechaniza-

tion/robotization). Hwang et al. 2019 emphasizes that the 

measurement of the level of mechanization of tasks per-

formed by construction workers is vital. Increasing mech-

anization on-site boosts productivity and may mitigate the 

current lack of available craft workforce (Hwang et al., 

2019). Also the adoption of industrialised construction is 

increasing to support CI fast deliverables (Cao and Hall, 

2019). 

Naturally, countries with a high degree of develop-

ment and labour shortages will actively implement ro-

botization processes, precisely in the quest to reduce the 

need for human resources (Farmer, 2016). In contrast, 

countries where labour is available and cheap, robotiza-

tion processes and tasks mechanization may not be eco-

nomically viable. Despite tasks mechanization and ro-

botization, labour electronic monitoring processes will 

become more and more a reality in developed countries. 

Craft workforce electronic performance monitoring also 

makes sense in developing countries, due to the pursuit of 

increasing competitiveness, safety and lower production 

costs (McKinsey, 2017). 

Within the current construction framework, even in 

activities with a high degree of mechanisation, operators' 

presence is indispensable (Calvetti et al., 2019). In fact, 

craft workforce performance is the primary productive 

factor in the construction industry (Calvetti et al., 2019). 

Most construction tasks are based on worker-handed or 

worker-machines systems and few processes are based on 

automated systems (Groover, 2007). In this respect, 

worker-handed tasks are those developed only with hu-

man strength and technical skills or supported (efforts at-

tenuated in some cases) through the use of hand tools (e.g. 

wrench, hacksaw, trowel) (Groover, 2007), portable 

power tools (e.g., drills, circular saw, routing tools) or 

other accessories. In other cases, the workforce operates 

machines/equipment (e.g., crane, backhoe, walk-behind 

vibratory-plate compactors) producing a worker-ma-

chines system. 

According to Hwang et al. (2019), there is a lack of 

academic research on the assessment of mechanization in 

building construction projects (Hwang et al., 2019). 

Hwang et al. (2019) proposed a mechanization index as-

sessment tool for projects based on a detailed analysis of 

the tools and by measuring the qualitative survey's level 

value. It is undoubtedly vital to measure the level of 

mechanization of construction tasks (Hwang et al., 2019). 

Strategic documents highlight that CI is handmade with 

little use of machinery and equipment; however, little is 

measured and known (Farmer, 2016; McKinsey, 2017; 

Hwang et al., 2019). In addition to measurement, it is cru-

cial to understand how the mechanized work is inserted in 

the production processes chain (Hwang et al., 2019). Sim-

ple mechanization might not guarantee high performance; 

the productive context of the crew can either enhance or 

decrease this. As an example, it is relevant to know how 

many crewmembers will support the work of a machine.  

Additionally, knowing if these workers can carry out 

activities in parallel or whether they should wait for/fol-

low-up the mechanical processes are, from a production 
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context point of view, critical elements. In this respect, the 

proposed concept of measuring the mechanization level is 

derived primarily from a useful measurement in the field, 

considering all the processes of the crew involved. 

EXPERIMENT 

Processes Modelling and Mechanization Level 

The research assesses the mechanization level of typical 

on-site construction tasks as (i) masonry in a residential 

building, (ii) masonry in a commercial building (iii) pip-

ing in public water supply infrastructure and, (iv) ETICS, 

External thermal insulation composite system, in a resi-

dential building. 

The craft workforce motion productivity framework, 

namely Worker 4.0 Motion Productivity (W4MP), estab-

lishes nine processes to map and measure performance 

(Calvetti et al., 2020). Through this model it is possible to 

model any on-site construction task. The processes are 

characterised as (i) Operation, (ii) Inspection, (iii) Delay 

and, (iv) Transportation/Storage), follow the same pattern 

of well-known Process Chart Flow applied in macromo-

tion studies (Meyers and Stewart, 2002; Groover, 2007). 

The processes based on the W4MP method are: 

 

• Robotic automation, RBA (Operation - 

performing work dealing part of a product), e.g. 

robotic bricklaying arm 

• Free-hand performing, FHP (Operation), e.g. 

placing a brick 

• Manual tools, MNT (Operation), e.g. using a 

trowel 

• Electric/Electronic tools, EET (Operation), e.g. 

using a drill 

• Machines operation, MOP (Operation), e.g. using 

a bench circular saw, using a backhoe 

• Auxiliary tools, AUT (Inspection - performing 

quality control work), e.g. using a spirit-level 

• Carrying, CAR (Transportation/Storage - 

moving products and used for long-range 

storage), e.g. walking carrying something on 

hands as products 

• Walking, WLK (Delay - waiting time, no work 

progress advance), e.g. walking without carrying 

anything on hands as going to the WC 

• Do not operating value, IDL (Delay), e.g. doing 

no productive work. That does not effective 

contributes to the progress of the tasks, for 

example, planning, searching, chatting and, 

resting 

 

Based on the Worker 4.0 Motion Productivity (W4MP), it 

is possible to quantitative measure the mechanization of 

the tasks conducted by the craft workforce (Calvetti et al., 

2020). Equation (1) presents the W4MP Mechanization 

index (Calvetti et al., 2020). The model measures the 

proportion of the three mechanized processes (EET + 

MOP + RBA) concerning only the Operation processes. It 

without considering the other processes Inspection, 

Delay, and Transportation/storage. Evaluating the 

postulated equation results, based on the status quo of CI 

tasks, a classification scale was proposed (Calvetti et al., 

2020), as following: Low - 0% to 20%; Moderate - 21% 

to 40%; High - 41% to 60%; Very high - above 61%. 

 

𝑊4𝑀𝑃	𝑀𝑒𝑐ℎ.		𝑖𝑛𝑑𝑒𝑥 = 		 (𝐸𝐸𝑇 +𝑀𝑂𝑃 + 𝑅𝐵𝐴)/

(𝐹𝐻𝑃 +𝑀𝑁𝑇 + 𝐸𝐸𝑇 +𝑀𝑂𝑃 + 𝑅𝐵𝐴	)		(1)	

 

Data collection and processing 

In the work sampling methodology, the data is collected 

through the human observation randomly performed and 

stratified according to the set of process/actions pre-estab-

lished (Meyers and Stewart, 2002; Groover, 2007). It is 

essential to point out that this method is based only on the 

number of observations made, not requiring time-taking 

or any other verification. It should be noted that by in-

creasing the number of observations recorded there is a 

direct relation with the confidence limit as well as with 

the reduction of the modelling error limit. Most of the 

time, the studies that apply the work sampling methodol-

ogy use a 95% confidence limit and bound the error limit 

into a 5% accuracy (Meyers and Stewart, 2002). 

The number of observations in each variable is trans-

formed into a percentage value based on the total obser-

vations ratio. According to Meyers and Stewart (2002), 

the minor proportional item (process/action) in the analy-

sis should indicate the sample size (Meyers and Stewart, 

2002). For example, for a 95% confidence and 5% accu-

racy if the smallest element percentage is 1%, 152.127 ob-

servations are at least required. 

Such large number of necessary observations to vali-

date, from a statistical point of view, the analysis makes 

its execution very difficult, as the construction industry is 

based on projects with a beginning-end and not on contin-

ued processes as manufacturing. 

The purpose of the data collection procedure was to 

detect workers' activities based on the Worker 4.0 motion 

productivity model. Observations are taken on a timely 

basis, whether or not timing is registered, assuring that the 

action marked is the one the worker performs at the very 

moment of the observation. During the data collection 

random observations of each worker's activity occurred in 

a time not less than three minutes for the same worker and 

by the same researcher. 

The conducted analysis will first indicate the esti-

mated ratios (proportion of each process). With the nine 

processes, a lower ratio on the smallest element in the 

analysis is expected, subsequently indicating a larger 

number of observations. For this reason, the collected 

samples will be statistically extrapolated through the 

Monte Carlo method, so that the distribution curves are 

evaluated, becoming redundant the static validation based 

on the sample size. This option was mainly given to the 

pandemic period (COVID-19) to mitigate the time spent 

in the on-site environment by external personal. 
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The proper calculations of the proportions based on 

the processes and their characteristics will be developed 

as well as the calculation of the W4MP Mechanization in-

dex. Monte Carlo method generates virtual data (pseudo-

random numbers) from a sample of real data and may be 

used in different types of studies, for example, risk analy-

sis (Calvetti et al., 2018). The Monte Carlo technique was 

applied with the software @risk from Palisade Corpora-

tion. The Probability Distribution Functions obtained cor-

respond to the distributions' sum, which represents each 

event's behaviour characterized by an analysis. In this 

case, the specific Probability Distribution Function repre-

sents the behaviour of each one of the nine processes con-

sidered to model the tasks. To determine each event's im-

pact on the four tasks modelled process, after data model-

ling via Monte Carlo, the sensitivity analysis (tornado di-

agram) is developed. The Monte Carlo method was ap-

plied following these steps: 

1. Data characterization and segmentation; 

2. Suit the best Distribution Function for each process, 

considering Akaike adhesion test (AIC) and the per-

centage accuracy achieved; 

3. Perform the Distribution Function determined for 

each of the nine processes for all the tasks; 

4. Perform the Monte Carlo simulation for each task 

(sum of all the Distribution Functions of the nine 

processes) with 5000 interactions and 100 simula-

tions; 

5. Obtain and analyse the Probability Distribution 

Functions; 

6. Obtain and analyse the sensitivity analysis (tornado 

diagram). 

For the adoption of this technique, the distribution func-

tion curves considered are representing the behaviour of 

the modelled tasks, which corresponds to the sum of the 

distributions functions of all the nine processes that char-

acterize them. However, the sensitivity analysis indicates 

which variables will have the most significant impact on 

the primary variable under analysis and are the most rep-

resentative in the tasks' process. The Tornado Diagram 

presents in the “Y” axe and from a top-down vision the 

tasks that most impacted the distribution outcome. For the 

same analysis, the “X” axe represents the range of that 

impact around the baseline of the total sample (approxi-

mately 1.0), also colourful highlighting the low/high im-

pacts measured. Finally, all tasks' distribution curves are 

confronted with the evaluation of the construction tasks' 

mechanisation level under analysis. 

Interview 

Interviews with craft workers were conducted during the 

on-site testing. These opened by explaining the purpose 

of using wearables sensing technology and asking open 

questions about their perception regarding the possibility 

of the Electronic Performance Monitoring and the Mech-

anization of the Work. These questions surrounded the 

following: (i) The prospect of being monitored for aca-

demic purposes and future similar monitoring by the em-

ployer, (ii) The benefits/threats of using this type of mon-

itoring technologies and the mechanization of work. 

DISCUSSION AND RESULT ANALYSIS 

The modelling of each task is presented in a sequence fol-

lowed by the calculation of each one's mechanization 

level. After that, an evaluation of all the distribution func-

tion and the mechanisation level results are carried out. 

Finally, the worker’s interviews overall opinions are pre-

sented. 

Masonry (Residential Building)  

Masonry tasks were monitored on a residential building 

project. The internal partitions walls are built with blocks 

of expanded clay, and a silo supplies the prefabricated 

mortar. Only the brickwork was analysed (without coat-

ings). In average, two to four craft workers were observed 

at once point of view. The crew was composed of three 

masons and an assistant. 

 The activities basically correspond to laying individ-

ual masonry units (expanded clay blocks 

400x190x200mm, 15kg) with horizontal and vertical 

joints in mortar. It is necessary to measure the plumb/level 

of the walls. There is a demand for support services such 

as the mortar supply at the application sites, the cutting of 

some blocks into smaller pieces and the placement of a 

connecting frame between masonry and concrete ele-

ments. 

Figure 1 graphically shows the classification relating 

their proportion based on the W4MP of the 3,484 obser-

vations made about the crew performance. It can be seen 

that the lowest proportion was the MOP - Machine oper-

ation (mortar pumping machine), not counting the Ro-

botic automation not observed at all. Considering the sam-

ple's statistic validation in the work sampling methodol-

ogy, the value of 2.87% indicates a sample needed of 

52,000 observations (confidence level of 95% and an ac-

curacy of 5%). As stated before, the Monte Carlo method 

will be applied to validate that small sample. 

The modelling of this masonry process makes it pos-

sible to measure that most of the time (approximately 

40%) the craft worker is handling a hand tool (mainly the 

trowel and the float with the action of laying mortar). In 

the sequence, the most systematic process is the free-hand 

performing (approximately 14%), which in most cases is 

the action of laying the blocks.  

Approximately 64% of the time, workers are carrying out 

operations in a productive state. Most of the transports 

(loading) performed are the supply of mortar and blocks 

near the application sites. The workers carry out inspec-

tion activities to guarantee the plumb and level of the ele-

ments and the vertical joints' thickness. It should be noted 

that the block has a system that contains the vertical joint 

between two blocks in contact (providing even the false 

impression that it does not exist). 
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Figure 1: Masonry (residential) process modelling 

 

The distribution most adequate to the task model was a 

logarithm normal (lognorm). As the probability density 

distribution is the sum of all processes distributions. The 

sensitivity analysis performed (Figure 2) indicates that 

most of the process impact in the output of the task mod-

elled (input high), as respectively, (i) Manual tools, (ii) 

Free-hand performing, (iii) Walking, (iv) Carrying, (v) 

Auxiliary tools, (vi) Do not operating value, (vii) Elec-

tric/Electronic tools. 

 

 
Figure 2: Masonry (residential) process sensitivity analysis 

 

Equation (1) stated that the W4MP Mechanization index 

for that masonry task is 15.69% been considered Low in 

the scale proposed. 

Masonry (Commercial Building)  

Masonry tasks were monitored on a commercial building 

project. In this, the internal partitions walls are built both 

with blocks of expanded clay or concrete. The prefabri-

cated mortar was supplied every day and stored in cubic 

containers (0.5 m3 approximated). Only the brickwork 

was analysed (without coatings). 

The crew was composed of three masons and an assis-

tant. On average, two craft workers were observed at once 

point of view.  

The activities correspond to laying individual masonry 

units (expanded clay blocks 400x190x200mm, 15kg, and 

concrete blocks 500x200x200mm, 14.6kg) with horizon-

tal and vertical joints in mortar. In this project, the wall 

panels have big dimensions, 7 meters high and 7.5 meters 

long.  

It is necessary to measure the plumb/level of the walls. 

As well, there is a demand for support services such as the 

mortar and blocks supply at the application sites. Also, the 

wall execution tasks demanded to cut some blocks into 

smaller pieces. 

A forklift supplies the mortar and the blocks on the 

scaffolding elevation where the work was carried out. 

Drill and grinder are the electric tools used by the craft 

workers. Different manual tools and accessories are used 

(e.g., trowel, float, shovel, hammer, wheelbarrow). Also, 

auxiliary tools are used to measure position and verticality 

(e.g., level tool, tape measure). 

Figure 3 shows the classification based on the W4MP 

of the 3,606 observations made regarding the crew perfor-

mance. It can be seen that the lowest proportion was the 

AUT - Auxiliary tools with 3.85%, not counting the Ro-

botic automation not observed at all. The modelling of this 

masonry process makes it possible to measure that most 

of the time (approximately 41%) the craft worker is han-

dling a hand tool (mainly the trowel and the float with the 

action of laying mortar). This result is very similar con-

fronting the 40% achieved in the residential masonry pro-

ject presented in the previous sub-section.  

In the sequence, the most systematic process is the free-

hand performing (approximately 20%), which in most 

cases is the action of laying the blocks. That action was 

also the second action most measured in the other ma-

sonry task observed. 

 

 
Figure 3: Masonry (commercial) process modelling 
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The adequate distribution to the task model was an inverse 

Gaussian (invgauss) called the Wald distribution. The 

probability density distribution is the sum of all processes 

distributions. The sensitivity analysis performed (Figure 

4) indicates that four of the processes impacts in the out-

put of the task modelled (input high), as respectively, (i) 

Manual tools, (ii) Free-hand performing, (iii) Walking, 

(iv) Do not operating value. 

Finally, the W4MP Mechanization index, as stated on 

Equation (1) for that masonry task is 13.64% been consid-

ered Low in the proposed scale. As determined, the level 

of mechanization between masonry activities is approxi-

mate, both being classified as low. Which is not surprising 

given the high rate of manual work required for this pro-

cess.  
 

 
Figure 4: Masonry (commercial) process sensitivity analysis 

 

Between the two activities evaluated in masonry buildings 

(residential and commercial), there is a remarkable simi-

larity in the teams of workers' practical actions. Realize 

that due to the characteristic of smaller wall panels, the 

residential building work has more activities related to 

quality control (using auxiliary tools). This factor also in-

fluences the greater use of power tools (for cutting half a 

block) in the building residential worksite project. The 

distant location of the blocks and the need for a manual 

supply of mortar in the areas of use in the building resi-

dential work also influences a higher index of identified 

carrying actions. On the other hand, in the commercial 

building worksite, the support of the forklift indicated a 

more significant operation of machines, as well as it was 

observed that the workers walked more (also going up and 

down the stairs of the accesses of the scaffolding).  

Piping (Water supply)  

The work consisted of the requalification of the water dis-

tribution system for homes and commercial establish-

ments within urban environment. The activities require-

ments and, the machines/tools applied will be detailed in 

the next section. Only the processes that each craft worker 

performs at the observed moment will be analysed for 

these activities. 

In average, five to seven workers were observed at 

once point of view. The activities consisted of mecha-

nized disruption of the existing pathway pavement, re-

moval of this pavement, mechanical excavation and soil 

removal, placement of pipes and branches, backfilling, 

and mechanical soil compaction. In street services, the 

stone pavement and curbs were recomposed. 

Based on 1,164 observations, the Worker 4.0 Motion 

Productivity (W4MP) was populated as presented in Fig-

ure 5. It can be seen that the lowest proportion was the 

EET (Electric/Electronic tools), not counting the Robotic 

automation not observed at all. It is observed that among 

the nine processes the most observed was the IDL (Do not 

operating) with 32.30%, followed respectively by MOP 

(Machine operation) 19.59% and MNT (Manual tools) 

18.47%. After, WLK (Walking) 10.14% and FHP (Free-

hand performing) 9.54%. 

Low inspection rate is observed, as there few meas-

urements are needed for this specific work execution. 

Since transport is mostly carried out by machines (opera-

tors), workers were mostly transporting their tools and ac-

cessories. The delay is primarily related to the time that 

other workers wait for the machines' actions (e.g., exca-

vation), and the acts of walking along the service fronts. 

Finally, operations represent the highest rate of activity. 

In the sequence, it presented the determined values: Op-

eration: number of observations (564) 48.45%; Inspec-

tion: number of observations (28) 2.41%; Delay: number 

of observations (494) 42.44%; Transportation/ Storage: 

number of observations (78) 6.70%. 

 

 
Figure 5: Piping (water supply) process modelling 

 

The distribution most adequate to the task model was a 

triangular distribution (triang). As the probability density 

distribution is the sum of all processes distributions. The 

sensitivity analysis performed (Figure 6) indicates that 

five of the process impacts in the output of the task mod-

elled (input high), as respectively, (i) Do not operating 

value, (ii) Machines operation, (iii) Manual tools, (iv) 

Walking, (v) Free-hand performing. 

1,0668 

1,0844 

1,0895 

1,0926 

1,0923 

1,0944 

1,0951 

1,0956 

1,1977 

1,1483 

1,1260 

1,1205 

1,1117 

1,1123 

1,1112 

1,1108 

Baseline = 1,10001 

1
.0

6
 

1
.0

8
 

1
.1

0
 

1
.1

2
 

1
.1

4
 

1
.1

6
 

1
.1

8
 

1
.2

0
 

Inputs Ranked by Effect on Output Mean 

Free-hand	performing	

Manual	tools	

Electric/Electronic	tools	

Machines	operation	

Auxiliary	tools	

Carrying	

Walking	

Do	not	operating	value	

Input	High	 Input	Low	

Operation

Inspection

Transportation,
Storage

Delay

Robotic automation

0,00%

Free-hand 

performing

9,54%

Manual tools

18,47%

Electric 

Electronic 

tools

0,86%

Machines 

operation

19,59%

Auxiliary tools

2,41%

Carrying

6,70%

Walking

10,14%

Do not operating 

value

32,30%

Page 346 of 438



The W4MP Mechanization index for this piping task 

is 42.20%, being considered as High in the scale pro-

posed. Simultaneously, piping activity reached a higher 

mechanization level than masonry activities, which was 

also expected given the mechanical excavations inherent 

in that piping tasks. Forward the results of the three ex-

periments will be confronted and discussed. 
 

  

 

 
Figure 6: Piping (water supply) process sensitivity analysis 

 

ETICS, External thermal insulation composite sys-

tem (Residential)  

A crew composed of two officials and an assistant 

performed the thermal insulation of exterior walls. On av-

erage, two craft workers were observed at once point of 

view. 

The activities correspond to cutting and fitting the 

mineral insulation board, apply mortar to the entire sur-

face, press on plate and float in, insert and plaster rein-

forcement mesh, and texture the finishing plaster. There 

is a demand for support services such as the supply of 

mortar at the application sites and cutting some boards 

into smaller pieces. 

Figure 7 shows the classification based on the W4MP of 

the 314 observations made about the crew performance. It 

can be seen that the lowest proportion was the Elec-

tric/Electronic tools (mixing mortar), not counting the Ro-

botic automation and Machines operation not observed at 

all. The modelling of this ETICS process makes it possi-

ble to measure that most of the time (approximately 

45.5%) the craft worker is handling a hand tool, mainly 

the trowel and the float with the action of laying mortar, 

as well as, using a box cutter knife to cut and fit the min-

eral insulation board. In the sequence, the most systematic 

process is the free-hand performing (approximately 

24.5%), which in most cases is the action of press on plate 

and float in. The most adequate distribution to the task 

model was an exponential distribution (expon). As the 

probability density distribution is the sum of all processes 

distributions. The sensitivity analysis performed (Figure 

8) indicates that three of the process impacts in the output 

of the task modelled (input high), as respectively, (i) Man-

ual tools, (ii) Free-hand performing, (iii) Do not operating 

value. Finally, the W4MP Mechanization index, as stated 

on Equation (1) for that ETICS task is 1.79% been con-

sidered Low in the scale proposed. 
 

 
Figure 7: ETICS (residential) process modelling 

 

 
Figure 8: ETICS (residential) process sensitivity analysis 

 

Mechanization Level 

Figure 9 concentrates the modelled processes' results and 

the mechanization level of the four evaluated tasks 

through probability distribution functions. The Cumula-

tive Distribution Ascending Curves represents the process 

of each task and has shown to be adequate.  

As a result, it can be seen the similarity of Masonry 

tasks (both residential and commercial building), as well, 

the dissimilarity with the ETICS and culminating in a big 

difference for the piping task, which has a very different 

process from the others. The quantitative mechanization 

level measured is found to well represent the process of 

the tasks, being respectively for Piping in the water supply 

(42.20% - High), Masonry in a residential building 

(15.69% - Low), Masonry in commercial building 

(13.64% - Low) and ETICS in a residential building 

(1.79% - Low). As mentioned above, it is observed that 

each task achieved a condescending mechanization level 

based on their particular characteristics. 
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Significantly, it was measured that although the piping 

task has a high mechanization level, its operative level is 

lower than the masonry and ETICS tasks. From this high-

lights that an increase in the tasks level of mechanization 

might not be enough to obtain better productive results. As 

identified, by having some equipment in operation and 

several workers on delay (waiting for the equipment oper-

ation) the production process suffer negative impacts.  

The modelling of production processes based on the 

teams' performance allows the identification of how the 

performance of each individual contributes to the overall 

tasks performance. Thus, the distortions related to the in-

terrelationship of activities and the lack of synchrony be-

tween workers-workers, workers-machine, and even 

workers and other actors (e.g., inspectors, supervisors) can 

be assessed. For example, the modelling of that piping task 

allowed a close view of that work-machine process, mak-

ing explicit a process failure. The layout assessment is cru-

cial to evaluate/improve productivity (Nazarian et al., 

2018). Finally, the modelling of workers and teams' activ-

ities provides an improved level of knowledge regarding 

the production processes, indicating a more positive route 

for continuous improvement actions. 

In the proposed W4MP (Worker 4.0 Motion Produc-

tivity), the mechanisation level assessment is integrated 

into the modelling of the task developed by the connected 

on-site crew (Calvetti et al., 2020). As a result, the mech-

anisation level evaluation is made, taking into considera-

tion the work system and how the full process may be im-

proved to achieve the best outcome results. 

Craft workforce awareness 

In order to avoid any identification of the thoughts or opin-

ions of the interviewed workers, no correlation to their 

functions/names is made. Some personal characteristics 

will be presented to illustrate the situation, avoiding how-

ever any direct reference. 

 The workers who already wore wristwatches indicated 

that they did not feel any discomfort when wearing the de-

vices. In contrast, the other workers who did not wear 

watches in their day-to-day reported discomfort when 

wearing it; one of them mentioned that he would not use 

the devices due to this discomfort. The workers expressed 

significant discomfort regarding filming their actions. 

Physical reactions of inhibition were observed. Further-

more, a worker demonstrated verbal discontent with the 

footage, asking, "is it being posted live on the internet?". 

In general, the workers agreed to use the wearables for ac-

ademic purposes. After being monitored on the first day, 

only one of them refused to continue using the devices and 

declined to speak regarding the reasons for doing it. 

When faced with the idea of a future request/demand 

from the part of the employer to use the monitoring de-

vices, the workers were generally vague, not directly an-

swering the question. Even when the possibility of finan-

cial compensation was indicated, the workers did not want 

to commit themselves to any affirmation/denial. Only 

three workers said that would use the devices without any 

problem and that this would not have any influence at all. 

Two workers indicated health monitoring as a benefit. 

They stressed that the work requires a tremendous physical 

effort and that the expended calories control as well as fa-

tigue would be relevant. 

When indicated that these studies could better evaluate 

production processes, enhancing improvements, and in-

creasing mechanization, one worker was effusively 

against any mechanization. In his words: "Mechanization 

is bad because it takes away our work. If there are more 

machines, we have less work, and that is bad". Even when 

it was argued that the machines are to assist the worker 

(such as an electric drill), this same worker maintained his 

position contrary to mechanization, encouraging his col-

leagues to agree with him on this position. 

CONCLUSIONS 

The research tested an approach for the quantitative as-

sessment of construction tasks mechanization level. This 

approach used field observations of craft workforce per-

forming tasks (collected manually by the team) as well as 

observations from on electronic wearables. As part of the 

experience worker’s impressions were collected regarding 

the use of electronic monitoring devices. 

The study suffered from a major constrain related with 

the access and continuous presence in construction sites 
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due to the COVID-19. This led to a smaller tasks sample 

as well as to smaller observations number. This limitation 

was found to be an opportunity to strategically develop a 

generic methodology based on Monte Carlo simulations to 

achieve improved sensibility results based on the lower 

level of observations.   

Several conclusions can be drawn from this study as 

follows: (i) From the experiments it becomes clear that the 

use of more equipment might not lead to improved produc-

tivity, (ii) There are several aspects that impact the produc-

tivity and these are related with the type of work, site con-

ditions, crews, among others. This means that future stud-

ies must be performed to evaluate further these aspects and 

their relevance for the more or less productive environ-

ment on tasks development, (iii) The applied process mod-

elling method is found to be a valid and strong component 

to support mechanization level assessments as well as 

crew approaches, (iv) Most of the interviewed craft work-

ers revealed low awareness in terms of innovative actions 

on construction sites. Yet, few were quite aware of the po-

tential and benefits of wearable devices, (v) The proposed 

methodology contributes to the body of knowledge of 

tasks processes modelling, by establishing assumptions 

that can be used by a wide range of stakeholders to collect 

information related with the same or other tasks, promot-

ing the establishment and future disclosure of benchmarks. 

Despite the outcomes there are several aspects that re-

quire future studies. As mentioned above, larger studies 

ranging more tasks, the same tasks under different condi-

tion and the same tasks in similar conditions but with a 

larger number of observations will allow an improved cal-

ibration of the methodology, higher knowledge on the var-

iables that impact the processes, in which way more mech-

anization can lead to higher productivity and in what tasks 

and, finally, improve the sensibility regarding the applica-

tion of the Monte Carlo simulation in the case of con-

straints or impossibility of large number of observations. 

Given the dimension of the productivity issues in the 

CI and facing the relevance of craft workforce on-site, 

even in more developed countries, it is clear that in the 

sector roadmap towards sustainability there must be ac-

tions seeking methodologies for an improved measure-

ment of the activities and through the use of electronic de-

vices. Likewise, awareness and skills about innovative ac-

tions on construction sites are essential to foster transpar-

ency, added-value training and improved performance on 

tasks development. 
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ABSTRACT

The BIM Management Platform (BIM-MP) is a digi-
tal Building Information Model processing tool, re-
sponsible for handling BIM data that conform to
the IFC standard. It provides an integrated data
management solution for storing, versioning, updat-
ing and checking IFC data, which are created and
modified by AEC practitioners. The embedded API
allows the data exchange between BIM-MP and other
online tools which forward IFC files into the BIM-MP
repository to perform various operations using differ-
ent BIM-MP functional modules. Some of the mod-
ules create visual and textual reports regarding data
quality issues in terms of data consistency, complete-
ness and correctness, while others enrich the IFC data
with new IFC objects with the necessary semantic
links. All these modules are deployed as standalone
containerized applications using the Service-Oriented
Architecture (SOA) design principle.

INTRODUCTION

The proliferation of BIM usage within Architectural
Engineering and Construction domains, paved the
path to transparent project collaboration, which led
to the development of multiple open BIM handling
software platforms such BIMserver (Beetz et al. 2010)
, xBIM (Lockley et al. 2017), to name a few. On the
other hand, the latest efforts to reduce the new and
existing buildings’ carbon footprint, by assessing de-
sign alternatives and retrofitting scenarios, led to an
increased use of Building Energy Performance Simu-
lation (BEPS) programs.
To support these work pathways, a cloud based
framework of BIM processing software tools, called
BIM Management Platform (BIM-MP), is intro-
duced. The basic philosophy and goal of BIM-MP,
which differentiates it from other openBIM platforms,
is the support of automatic BEPS model generation
from open-BIM data conforming to the IFC ISO stan-
dard (ISO et al. 2018). To this direction, BIM-MP
offers data quality checking and data enrichment ser-
vices to AEC practitioners, in a unified cloud-based
service-oriented architecture. BIM-MP platform is
used to support H2020 project BIMERR operational
workflows.
The rest of the paper is organized as follows: Ini-

tially, the platform’s architecture is presented fol-
lowed by the description of its functional and support-
ing components. BIM-MP’s revision control manage-
ment scheme is also analyzed in a separate section.
The paper concludes with the description of opera-
tion, assumptions and restrictions based on the cur-
rent state of development. Application results on a
pre-validation building, from a H2020 project called
BIMERR, are presented in respective subsections.

PLATFORM ARCHITECTURE

BIM-MP is responsible for providing functionalities
in relation to the storing, checking, updating, and
querying of BIM models. These models conform to
the openBIM International Foundation Classes (IFC)
standard (ISO 16739:2018) which contains a rich set
of classes designed to provide a robust interoperabil-
ity solution for data exchange between different built
environments and software applications. This sec-
tion describes the back-end system architecture of a
cloud-BIM management solution that enables the in-
teroperability between functional modules and exter-
nal clients.

High-level Architecture

BIM-MP includes a core and a set of reusable modules
to support synchronous and asynchronous requests
in a unified manner. Some modules can respond to
requests immediately while others require more time
depending on the complexity of the BIM models. All
of them include a set of low- and high-level libraries
to perform their business logic operations. Figure 1
displays a generalized view of BIM-MP’s architecture
with its core and reusable modules.

Figure 1: BIM-MP’s high-level architecture

Page 350 of 438



Kyriakos Katsigarakis, Georgios N. Lilis, Dimitrios Rovas
University College London, London, UK

The BIM Management Platform (BIM-MP) is a digi-
tal Building Information Model processing tool, re-
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The proliferation of BIM usage within Architectural
Engineering and Construction domains, paved the
path to transparent project collaboration, which led
to the development of multiple open BIM handling
software platforms such BIMserver (Beetz et al. 2010)
, xBIM (Lockley et al. 2017), to name a few. On the
other hand, the latest efforts to reduce the new and
existing buildings’ carbon footprint, by assessing de-
sign alternatives and retrofitting scenarios, led to an
increased use of Building Energy Performance Simu-
lation (BEPS) programs.
To support these work pathways, a cloud based
framework of BIM processing software tools, called
BIM Management Platform (BIM-MP), is intro-
duced. The basic philosophy and goal of BIM-MP,
which differentiates it from other openBIM platforms,
is the support of automatic BEPS model generation
from open-BIM data conforming to the IFC ISO stan-
dard (ISO et al. 2018). To this direction, BIM-MP
offers data quality checking and data enrichment ser-
vices to AEC practitioners, in a unified cloud-based
service-oriented architecture. BIM-MP platform is
used to support H2020 project BIMERR operational
workflows.
The rest of the paper is organized as follows: Ini-

tially, the platform’s architecture is presented fol-
lowed by the description of its functional and support-
ing components. BIM-MP’s revision control manage-
ment scheme is also analyzed in a separate section.
The paper concludes with the description of opera-
tion, assumptions and restrictions based on the cur-
rent state of development. Application results on a
pre-validation building, from a H2020 project called
BIMERR, are presented in respective subsections.

BIM-MP is responsible for providing functionalities
in relation to the storing, checking, updating, and
querying of BIM models. These models conform to
the openBIM International Foundation Classes (IFC)
standard (ISO 16739:2018) which contains a rich set
of classes designed to provide a robust interoperabil-
ity solution for data exchange between different built
environments and software applications. This sec-
tion describes the back-end system architecture of a
cloud-BIM management solution that enables the in-
teroperability between functional modules and exter-
nal clients.

BIM-MP includes a core and a set of reusable modules
to support synchronous and asynchronous requests
in a unified manner. Some modules can respond to
requests immediately while others require more time
depending on the complexity of the BIM models. All
of them include a set of low- and high-level libraries
to perform their business logic operations. Figure 1
displays a generalized view of BIM-MP’s architecture
with its core and reusable modules.

The high-level libraries are responsible for handling
and querying BIM models and for extracting the
required information for the execution of the low-
level operations. The low-level libraries support mul-
tithread processing and exchange information with
the high-level libraries through the JNI programming
framework. The modules are deployed in the cloud in-
frastructure as a standalone Spring Boot Application
following the Software-Oriented Architecture (SOA)
design principle.
For the communication of the different modules,
BIM-MP uses the Red Hat Fuse Enterprise Ser-
vice Bus (ESB) which is in charge of providing the
asynchronous communication using queues as well
as for handling the routing of the messages. The
ESB acts as a message broker providing the required
queues and facilitates interoperability. The ESB in-
cludes Extract-Transform-Load (ETL) logic and cus-
tom mappers to transform the payload of the mes-
sages in a proper form according to the requirements
of the receivers. In the proposed architecture, BIM-
MP modules are standalone applications based on the
Spring Boot Framework. Each of them contains high-
level and low-level libraries to perform its business
logic operations. We defined the following modules
as a basis for the prototype implementation of the
platform:

1. Core Module contains the GUI implementation
and REST API of BIM-MP. It uses high-level li-
braries to parse BIM models and extract the nec-
essary information used by the functional mod-
ules.

2. Geometric Error Detection (GED) Module inte-
grates geometric model-checking functionalities
into the platform helps BIM designers to create
an error-free model in terms of geometry in the
scope of building energy performance simulation
analysis. The GED module reports detected er-
rors to the designer in a visual form using OBJ
and BCF data.

3. Model View Definition Checking Module helps
BIM designers to validate BIM models in terms
of data completeness based on predefined rules
following the mvdXML specification.

4. Graphics Engine Module uses the geometric in-
formation of BIM models to generate B-Rep
solids of the structural and non-structural build-
ing elements. It stores the B-Rep solids in BIF
using OBJ files. Additionally, the embedded We-
bGL viewer of the BIM-MP uses the B-Rep solids
for a visual representation of the model through
the GUI.

5. Common Boundary Intersection Projection
(CBIP) Module uses geometric operations to en-
rich the BIM model with 2nd-level space bound-
aries and shading surfaces.

6. Automatic Space Generation Module uses the ge-

ometric information to generate the geometry of
the spaces and enriches the BIM model.

Each of these modules exchange information using
data structures which conform to open standards.
The Core Module itself controls the binding between
the BIM-MP front-end system and the functional
modules.

Module Orchestration

As mentioned earlier, BIM-MP implementation fol-
lows the SOA design approach. The distributed na-
ture of the platform requires orchestration techniques
and a messaging framework that provides a loose cou-
pling between components, to achieve performance
and reliability. The use of asynchronous messaging
offers many benefits, but also brings challenges such
as the delivery sequence of messages and the concur-
rency between the different BIM-MP modules.

Figure 2: BIM-MP module orcherstration

A secure and private containerized environment
hosted on dedicated server infrastructure is used to
provide the BIM-MP functionality. The container
images facilitate the portability and distribution of
workloads in a standardized manner, and allow de-
velopers to package all software components and de-
pendencies into reusable units.

CORE MODULE

The Core Module is deployed as a cloud application
and provides the web-based interface and the API of
BIM-MP. It uses a set of software components and
libraries to handle the BIM models and to extract
the information required by the functional modules.

Web-based User Interface

The Core Module is developed in Java EE, adopting
the micro-service design pattern. It includes the GUI
(see screenshot of Figure 3) of the platform and pro-
vides authorized access to users and tools through the
Identity Provider.
The Core Module is based on the Spring Boot Frame-
work and uses its embedded web-server to support the
Model-View-Control (MVC) design pattern.
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Figure 3: BIM-MP’s modules control panel

Moreover, the Core Module uses the Spring Secu-
rity Framework and the Spring Keycloak Adapter to
handle access policies for the BIM-MP. The Iden-
tity Provider grants access to BIM-MP for access-
ing information such as user data, user roles and
groups. Apart from the requirement to support mod-
ern web technologies, the Core Module includes a set
of components to configure a database for storing its
data. Moreover, it includes AMQP adapters to ini-
tialize asynchronous communication interfaces with
the functional modules through the Enterprise Ser-
vice Bus.

Data Model

The Core Module of BIM-MP includes entities, at-
tributes, and relationships between entities, to rep-
resent the logical data model which stores the data
needed to perform the BIM-MP operations (illus-
trated in Figure 4).

Figure 4: BIM-MP’s data model

Using the Spring Framework and Hibernate2, the au-
tomatic deployment of the database is driven based
on Java Persistence API (JPA) annotations. In this
context, Java classes represent the tables, while some
fields inside the classes represent the relations be-
tween different tables. The framework supports all
types of relations such as one-to-one, many-to-one,
one-to-many and many-to-many. When using this ap-
proach, the relational database can be transparently
managed from Java, increasing the abstraction level
of the persistence layer. The Core Module requires a
connection to a MySQL Server. MySQL Server is a
Relational Database Management System (RDBMS)
that support multi-tenancy. The Hibernate frame-

work utilizes the MySQL dialect to access the BIM-
MP’s database to perform transactional operations
and queries.

SUPPORTING COMPONENTS

BIM-MP uses software components and libraries to
handle the complexity of the functional modules and
to increase the automation and reliability of the busi-
ness logic operations. It contains five primary soft-
ware components described below:

EXPRESS Schema Compiler

The EXPRESS Schema Compiler is a standalone
application that uses the Java EE Code Model
framework to generate the IFC Java classes directly
from EXPRESS data. It can parse successfully the
most frequently used IFC releases, from IFC2X3 to
IFC4X1. Initially, the application transforms the EX-
PRESS data into in-memory objects using an internal
data model representation. Then, a set of predefined
transformation rules is applied on the objects to in-
stantiate the representation of the Code Model. Fi-
nally, the Code Model generates the IFC classes and
organizes them into Java packages based on the re-
lease of the IFC schema. This IFC class generation
and Java class organization process from an input IFC
EXPRESS schema, is illustrated in Figure 5.

Figure 5: IFC Classes generation using the EXPRESS Schema
Compiler

IFC Java Library

The IFC Java Library uses the generated IFC Java
classes to parse efficiently the STEP data and to in-
stantiate a representation of the BIM model. The
current version of the IFC library can handle the
most frequently used IFC releases, from IFC2X3 to
IFC4X1. The IFC Java Library provides an API
that includes a set of useful functionalities for ma-
nipulating the loaded objects. Moreover, it supports
the initialization of reverse relations. Reverse rela-
tion is the addition of the instance of an object to
the corresponding collection of the inverse connected
instances of another object. The creation of the IFC
components from an input IFC model by the IFC Li-
brary, is demonstrated in Figure 6.

Figure 6: IFC Java Library Components
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most frequently used IFC releases, from IFC2X3 to
IFC4X1. Initially, the application transforms the EX-
PRESS data into in-memory objects using an internal
data model representation. Then, a set of predefined
transformation rules is applied on the objects to in-
stantiate the representation of the Code Model. Fi-
nally, the Code Model generates the IFC classes and
organizes them into Java packages based on the re-
lease of the IFC schema. This IFC class generation
and Java class organization process from an input IFC
EXPRESS schema, is illustrated in Figure 5.

The IFC Java Library uses the generated IFC Java
classes to parse efficiently the STEP data and to in-
stantiate a representation of the BIM model. The
current version of the IFC library can handle the
most frequently used IFC releases, from IFC2X3 to
IFC4X1. The IFC Java Library provides an API
that includes a set of useful functionalities for ma-
nipulating the loaded objects. Moreover, it supports
the initialization of reverse relations. Reverse rela-
tion is the addition of the instance of an object to
the corresponding collection of the inverse connected
instances of another object. The creation of the IFC
components from an input IFC model by the IFC Li-
brary, is demonstrated in Figure 6.

IFC Geometry Exporter

The IFC Geometry Exporter extracts the geometric
content and the respective semantics of an input IFC
model, to provide the necessary geometric data to
low-level geometric algorithms, implemented in C++.
The binding between the Geometry exporter, which
is developed using the IFC Java library, and the low-
level C++ geometric routines, is implemented via
JNI programming interface. To extract the geomet-
ric content, the exporter serializes the input IFC file
and populates respective XML classes organized in a
tree-like structure, following the building hierarchy.
This XML file population from an input IFC model,
is displayed in the block diagram of Figure 7.

Figure 7: IFC geometry exportation process

IFC Optimizer

The IFC Optimizer performs lossless compression of
large IFC files, to speed up the loading process and
the execution of some ETL tools such as the IFC Ge-
ometry Exporter. The IFC exporters of BIM author-
ing tools often generate multiple instances of the same
object, increasing IFC verbosity. The IFC Optimizer
uses the IFC Java Library to compare the hash values
of the IFC objects and to merge them, in case they
are equal. Furthermore, it updates the express iden-
tifiers of the deleted objects to maintain the original
connections. This optimization operation is applied
on an input IFC0 model to produce an output IFC1

model, as illustrated in the block diagram of Figure
8.

Figure 8: IFC file size optimization process

IFC Unit Converter

In general, the tools and algorithms require the input
BIM model to conform to the defined MVD that en-
sures the semantics and completeness of the used IFC
data. The units of values in an IFC file depend on the
IFC Exporters of the BIM authoring tools. The IFC
Unit Converter uses the methods of the IFC Java Li-
brary to convert the values of basic and derived units
into a new unit system as illustrated in the diagram
of Figure 9.

Figure 9: IFC unit converter process

REVISION CONTROL

BIM-MP can handle the geometry and the semantic
information of a BIM model that is provided in IFC.
In the IFC schema specification, IFC objects may re-
flect a final as well as a transient state. For instance,
during a renovation project, external BIM tools may
continuously revise IFC objects. In case multiple
tools are making changes to the same objects, IFC
schema supports local copies of the modified IFC ob-
jects. This revision scheme identifies changes, per ob-
ject, instead of identifying changes in text. An IFC
object is considered modified when: a) any of its di-
rect attributes change; b) any of its referenced re-
sources change; and c) items are added or removed
from any collection. Within this revision scheme,
each IFC object is marked with a change action in-
dicating if the IFC object was ADDED, MODIFIED,
DELETED or not changed.

Object-based Tracking Changes

BIM-MP can efficiently determine which objects have
been added and modified in a series of IFC files mod-
ified by different external software tools. Finally,
BIM-MP can either merge or reject these changes,
as determined by the user. For this tracking service
to work, when an external tool updates the IFC file,
should set the ChangeAction attribute of the IfcOwn-
erHistory of the new added IFC objects to ADDED,
of the modified objects to MODIFIED and of the
deleted objects to DELETED. If no change is ap-
plied, the ChangeAction attribute of the IfcOwner-
History should be set to NOCHANGE. Finally, the
OwningApplication should be updated with the ap-
plication characteristics of the updating tool.

FUNCTIONAL COMPONENTS

Overview

In this section, the function of individual BIM-MP
components is analyzed. BIM-MP components can
be grouped into four categories: (1) Data quality
checking, (2) Semantic enrichment, (3) Geometry en-
gine and (4) Revision control components. These cat-
egories and their respective BIM-MP functional com-
ponents are described in the following subsections.

Data Quality Checking

The quality of IFC data should be checked regularly,
as there multiple software applications which alter the
IFC data content. These data quality checking opera-
tions can be classified into three categories: a) schema
compliance where the consistency of the IFC data is
checked based on the IFC data schema, b) model view
definition (MVD) checking where the completeness of
the IFC data files are checked, and c) Geometric Error
Detection operations where the geometric correctness
checks are performed to IFC data files. These opera-
tions are analyzed in the following subsections.
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Schema Compliance

One of the advantages of the openBIM standards,
such as the ISO IFC4 ADD2 TC1 (ISO et al. 2018)
data exchange format, is the transparent data ex-
change among different tools within the AEC domain.
In this standard, BIM data are coded in a STEP file,
the structure of which is defined according to an EX-
PRESS schema conforming to the EXPRESS data
modelling language. Taking this into account, the
IFC Schema Compliance Checker of BIM-MP vali-
dates the STEP data of the input IFC files against
the corresponding EXPRESS schema defined in the
standard. This functionality is integrated into the
IFC Library of BIM-MP and includes validation of
datatypes, class names, the range of numerical vari-
ables and the sizes of the data collections.

MVD Checking

The IFC specification provides a multi-domain infor-
mation model for capturing building data such as ge-
ometry, materials, components, properties and more.
To support specific data exchange requirements be-
tween different tools and processes only a subset of
the IFC specification is required in terms of used en-
tities and properties. The Model View Definition
(MVD) specification (buildingSMART 2020) allows
to define reusable Concept Templates and Rules for
describing precisely the data exchange requirements.
Along with the maintenance of the IFC specification,
buildingSMART has published two general-purpose
Model View Definitions described below:
IFC Reference View is mainly used by tools and pro-
cesses that do not require modifications of the geom-
etry. The geometric representation is optimized for
analysis and display purposes but excludes paramet-
ric geometry definitions.
IFC Design Transfer View includes instances with
support for editing the geometric representations of
building elements and spaces. It is the preferred
MVD in BIMEER, because it enables the enrichment
of the BIM model with new geometric information
and property sets.
BIM-MP provides an MVD Checking Module to help
users to automatically validate the completeness of
the IFC data against specific rules defined using the
mvdXML format. Three steps are needed to achieve
automatic MVD validation of a BIM model:
1. The creation of the mvdXML file using the Ifc-

Doc tool
2. The application of the rules on the IFC objects

using the IFC Library
3. The generation of the validation report based on

openBIM standards such as the BCF
IfcDoc has been developed by buildingSMART In-
ternational, to improve the computer-interpretable
implementation of the specification. The user can
create custom a Model View and assign new Con-

cepts. Each Concept contains the applicable IFC En-
tity connected to a Concept Template and the ap-
plied Rules that include the logical operations, e.g.
entities that are checked by type or properties that
are checked by value.
The MVD Checking Module takes as an input the IFC
data and the mvdXML data. BIM-MP’s IFC Library
is then used for the STEP data serialization and for
the initialization of the inverse relations of the IFC
instances. The output of the tool is a detailed report
of the validation process for each individual Concept.
This process is summarized in Figure 10. MVD check-
ing will examine whether the data requirements of a
BIMEER tool are satisfied. These requirements in-
clude material thermal properties, property sets, op-
erating schedules etc.

Figure 10: BIM-MP’s MVD checking process

Geometric Error Detection

Geometric errors contained in IFC files affect sig-
nificantly Building Energy Performance Simulations
(BEPS) since they alter the geometric content of
BEPS models i.e. the second level space boundary
topology (Bazjanac 2010), which is derived from the
geometric content of BIM (IFC) files using well doc-
umented and tested algorithms (Lilis et al. 2017).
BIM-MP contains all the necessary software com-
ponents to perform the necessary checks to detect
geometric errors which affect BEPS model genera-
tion process. These checking procedures are executed
during the Geometric Error Detection (GED) process
(Katsigarakis et al. 2019), the block diagram of which
is presented in Figure 11.

Figure 11: BIM-MP’s GED checking process

According to the process diagram of Figure 11, the
GED process receives the geometric content and se-
mantics of the IFC model, extracted by the IFC Ge-
ometry Exporter, performes the detection process de-
scribed next and outputs an error report in OBJ
format (Wavefront, 1992). This error report is for-
warded to the WebGL viewer, for user display.

Detection process If at least one internal building
space volume description is present in the IFC file,
then a BEPS-dedicated geometric detection process
is executed by BIM-MP which, according to the ge-
ometric error classification of (Lilis et al. 2015), in-
cludes the following three stages:
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One of the advantages of the openBIM standards,
such as the ISO IFC4 ADD2 TC1 (ISO et al. 2018)
data exchange format, is the transparent data ex-
change among different tools within the AEC domain.
In this standard, BIM data are coded in a STEP file,
the structure of which is defined according to an EX-
PRESS schema conforming to the EXPRESS data
modelling language. Taking this into account, the
IFC Schema Compliance Checker of BIM-MP vali-
dates the STEP data of the input IFC files against
the corresponding EXPRESS schema defined in the
standard. This functionality is integrated into the
IFC Library of BIM-MP and includes validation of
datatypes, class names, the range of numerical vari-
ables and the sizes of the data collections.

The IFC specification provides a multi-domain infor-
mation model for capturing building data such as ge-
ometry, materials, components, properties and more.
To support specific data exchange requirements be-
tween different tools and processes only a subset of
the IFC specification is required in terms of used en-
tities and properties. The Model View Definition
(MVD) specification (buildingSMART 2020) allows
to define reusable Concept Templates and Rules for
describing precisely the data exchange requirements.
Along with the maintenance of the IFC specification,
buildingSMART has published two general-purpose
Model View Definitions described below:

is mainly used by tools and pro-
cesses that do not require modifications of the geom-
etry. The geometric representation is optimized for
analysis and display purposes but excludes paramet-
ric geometry definitions.

includes instances with
support for editing the geometric representations of
building elements and spaces. It is the preferred
MVD in BIMEER, because it enables the enrichment
of the BIM model with new geometric information
and property sets.
BIM-MP provides an MVD Checking Module to help
users to automatically validate the completeness of
the IFC data against specific rules defined using the
mvdXML format. Three steps are needed to achieve
automatic MVD validation of a BIM model:
1. The creation of the mvdXML file using the Ifc-

Doc tool
2. The application of the rules on the IFC objects

using the IFC Library
3. The generation of the validation report based on

openBIM standards such as the BCF
IfcDoc has been developed by buildingSMART In-
ternational, to improve the computer-interpretable
implementation of the specification. The user can
create custom a Model View and assign new Con-

cepts. Each Concept contains the applicable IFC En-
tity connected to a Concept Template and the ap-
plied Rules that include the logical operations, e.g.
entities that are checked by type or properties that
are checked by value.
The MVD Checking Module takes as an input the IFC
data and the mvdXML data. BIM-MP’s IFC Library
is then used for the STEP data serialization and for
the initialization of the inverse relations of the IFC
instances. The output of the tool is a detailed report
of the validation process for each individual Concept.
This process is summarized in Figure 10. MVD check-
ing will examine whether the data requirements of a
BIMEER tool are satisfied. These requirements in-
clude material thermal properties, property sets, op-
erating schedules etc.

Geometric errors contained in IFC files affect sig-
nificantly Building Energy Performance Simulations
(BEPS) since they alter the geometric content of
BEPS models i.e. the second level space boundary
topology (Bazjanac 2010), which is derived from the
geometric content of BIM (IFC) files using well doc-
umented and tested algorithms (Lilis et al. 2017).
BIM-MP contains all the necessary software com-
ponents to perform the necessary checks to detect
geometric errors which affect BEPS model genera-
tion process. These checking procedures are executed
during the Geometric Error Detection (GED) process
(Katsigarakis et al. 2019), the block diagram of which
is presented in Figure 11.

According to the process diagram of Figure 11, the
GED process receives the geometric content and se-
mantics of the IFC model, extracted by the IFC Ge-
ometry Exporter, performes the detection process de-
scribed next and outputs an error report in OBJ
format (Wavefront, 1992). This error report is for-
warded to the WebGL viewer, for user display.

If at least one internal building
space volume description is present in the IFC file,
then a BEPS-dedicated geometric detection process
is executed by BIM-MP which, according to the ge-
ometric error classification of (Lilis et al. 2015), in-
cludes the following three stages:

1. Surface error detection In this first stage, the sur-
face integrity of the boundary representations of
all architectural elements, including the build-
ing spaces, is checked. Missing surfaces or sur-
faces with inverted surface normal vectors (in-
verted surfaces) are reported. The geometric
solids passing these checks pass to the next stage.

2. BEPS-clash error detection During this stage
only clashes with the clash surfaces attached to
neighbour building spaces are detected (neigh-
bour space condition). This kind of clash errors
affects the BEPS model generation. If the clash
involves a building space volume, then it is re-
ported in this stage without taking into account
the neighbour space condition.

3. Space error detection Finally, the BEPS geomet-
ric error detection process concludes with the
space error detection process, described in the
previous section, applied to all building space
volume geometric descriptions contained in the
IFC file.

Data quality is of paramount importance for the BIM
to BEPS automated model generation processes to
properly function. Since error-free data seems like
a utopic objective, the quality improvement is ad-
dressed through a top-bottom perspective (guidelines
for preparing the BIM models) with a bottom-up per-
spective (explicit checking at the BIM-MP level). It
is possible that model-checkers (e.g. Solibri) can also
be used to ensure modelling errors (geometric or oth-
erwise) are detected. While the developments here
focus primarily on using the data for BEPS, they also
prove the concept that model checking can mostly be
performed on the cloud. The development and inte-
gration of a generic rule-engine is considered out of
scope, at the moment.

Figure 12: Application of BIM-MP’s GED algorithm on
KRIPIS building

Semantic enrichment

BIM-MP offers IFC data enrichment services, where
certain data classes of input IFC files are populated
with data which are obtained from existing IFC data
classes. These enrichment services are offered to en-
sure that all IFC BIMs have the necessary infor-
mation for the generation of BEPS models required
for the assessment of building retrofitting projects.
Two data enrichment services are offered by BIM-
MP: Automatic Space Generation (ASG) and Com-
mon Boundary Intersection Projection (CBIP) ser-
vices, both analyzed in the following sections.

Automatic Space Generation (ASG)

Frequently, the geometric representations of the inter-
nal building space volumes are missing or are defined
incorrectly in the respective IFC BIM data classes.
This happens because the design on an inner build-
ing space with BIM authoring tools is a tedious task
involving filling all the space cavities (gaps), between
the internal building space volume and its surround-
ing building architectural elements (walls, slabs, ...).
These cavities can be too complicated, rendering the
design of the inner building space impossible, even
with the best BIM design software suites.
To overcome such difficulties, BIM-MP offers the Au-
tomatic Space Generation (ASG) service, which en-
riches an input IFC file with the geometric data of
all building inner shells defined by the inner building
space volumes.
According to Figure 13, ASG process receives as input
the geometric content and its semantics exported in
XML format by the IFC Geometry Exporter, of an
initial IFC model IFC0. Then, the building’s space
geometric representations in XML format produced
by ASG algorithm, together with the initial model
IFC0 are used as input to the BIM-MP enrichment
service to produce the final enriched IFC model IFC1.
ASG implements this IFC data enrichment by popu-
lating IfcSpace data classes which contain the bound-
ary representations of the inner shells of the building
spaces translated to the local coordinate systems of
the respective spaces’ level. ASG leaves no space gaps
between the generated building space volumes and
the surrounding building architectural elements.

Figure 13: BIM-MP’s ASG enrichment process

Initially, the ASG algorithm extracts the joint bound-
ary surfaces among all the possible pairs of boundary
representations of architectural elements of the build-
ing of interest, illustrated with blue color in part I
Figure 14. Then, these joint boundary surfaces are
subtracted from the respective boundary representa-
tions of the elements they belong to, yielding the re-
maining set of surfaces illustrated with green colors
in part II of Figure 14.
The remaining surfaces of all architectural elements
of a building form inner and outer surface shells. The
obtained inner shells define the desired inner building
space volumes. BIM-MP ASG service is applied on
KRIPIS building as displayed in Figure 15.
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Figure 14: ASG algorithm demonstration

Figure 15: Application of BIM-MP’s ASG algorithm on KRIPIS
building

Common Boundary Intersection Projection (CBIP)

When the BIM files are generated using BIM au-
thoring tools (Revit, ArchiCAD), necessary geomet-
ric content for the BEPS model generation (the build-
ing’s second-level space boundary topology (Bazjanac
2010) and the external shading surfaces) may be ei-
ther missing or incorrectly exported due to flaws in
the IFC exporter of the BIM authoring tool. In this
case, the generation of the second-level space bound-
ary surface topology of the building and the popula-
tion of the respective IFC data classes (IfcRelSpace-
Boundary2ndLevel), are performed by BIM-MP’s
CBIP tool (Lilis et al. 2017).
According to Figure 16, CBIP process receives as in-
put the geometric content and its semantics, of an
initial IFC model IFC0, exported in XML format by
the IFC Geometry Exporter. Then, CBIP process,
outputs: the building’s boundary surface topology
(second-level space boundaries and external shading
surfaces) in XML format. CBIP’s output together
with the initial model IFC0, are used as input to BIM-
MP enrichment service to produce the final enriched
IFC model IFC1.

Figure 16: BIM-MP’s CBIP service process

CBIP algorithm is also applied on BIMERR’s
KRIPIS pre-validation building and obtained second-
level space boundary surfaces from this building are
displayed in Figure 17.

Geometry Engine

The geometric data content of IFC files is not in a
graphics compatible representation format to avoid
verbosity and be as short as possible without losing
critical information. To convert the IFC geometric

Figure 17: Application of BIM-MP’s CBIP algorithm on
KRIPIS building

data into a graphics compatible format, BIM-MP has
a dedicated geometry engine which transforms all ge-
ometric representations of the architectural elements
into boundary representations first using a B-rep gen-
eration process and finally into a graphics compatible
format (OBJ, glTF) using a model viewer. These
low-level geometric operations are performed using
a dedicated C++ geometric library which based on
clipper - one of the fastest and robust open-source
freeware libraries for clipping and offsetting lines and
polygons in two dimensions. The B-rep generation
and the model viewer components are described in
the following sections.

B-rep Generation

The B-rep generation (BRG) module of BIM-MP
is responsible for transforming the various geomet-
ric representations of building elements existing in
IFC data into correctly oriented boundary represen-
tations. This process is illustrated in Figure 18: BRG
receives as input the geometric content and its se-
mantics of an IFC model, exported in XML file by
the IFC Geometry Exporter, and returns the B-reps
of this content, in OBJ format.

Figure 18: B-rep generation process

The BRG module outputs correctly oriented B-reps,
which conform to the right-hand rule. BRG trans-
forms to B-reps, multiple solid geometric representa-
tion types defined by the IfcProducDefinitionShape
and its subclasses. Essentially, the BRG module per-
forms the necessary complex geometric transforma-
tion operations, depending on the input solid rep-
resentation, to produce the three-dimensional points
of the surfaces of the boundary representations con-
tained in the output OBJ file.

Model Viewer

The Model Viewer is a BIM model visualization com-
ponent based on the open-source project xeogl (Xeo-
labs 2018). It uses WebGL for rendering 3D graphics
natively within any compatible web browser. This
component loads the geometry of a BIM model from
glTF data (Robinet, 2014), data, allowing the BIM-
MP user to navigate with the camera and to explore
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When the BIM files are generated using BIM au-
thoring tools (Revit, ArchiCAD), necessary geomet-
ric content for the BEPS model generation (the build-
ing’s second-level space boundary topology (Bazjanac
2010) and the external shading surfaces) may be ei-
ther missing or incorrectly exported due to flaws in
the IFC exporter of the BIM authoring tool. In this
case, the generation of the second-level space bound-
ary surface topology of the building and the popula-
tion of the respective IFC data classes (IfcRelSpace-
Boundary2ndLevel), are performed by BIM-MP’s
CBIP tool (Lilis et al. 2017).
According to Figure 16, CBIP process receives as in-
put the geometric content and its semantics, of an
initial IFC model IFC , exported in XML format by
the IFC Geometry Exporter. Then, CBIP process,
outputs: the building’s boundary surface topology
(second-level space boundaries and external shading
surfaces) in XML format. CBIP’s output together
with the initial model IFC , are used as input to BIM-
MP enrichment service to produce the final enriched
IFC model IFC .

CBIP algorithm is also applied on BIMERR’s
KRIPIS pre-validation building and obtained second-
level space boundary surfaces from this building are
displayed in Figure 17.

The geometric data content of IFC files is not in a
graphics compatible representation format to avoid
verbosity and be as short as possible without losing
critical information. To convert the IFC geometric

data into a graphics compatible format, BIM-MP has
a dedicated geometry engine which transforms all ge-
ometric representations of the architectural elements
into boundary representations first using a B-rep gen-
eration process and finally into a graphics compatible
format (OBJ, glTF) using a model viewer. These
low-level geometric operations are performed using
a dedicated C++ geometric library which based on
clipper - one of the fastest and robust open-source
freeware libraries for clipping and offsetting lines and
polygons in two dimensions. The B-rep generation
and the model viewer components are described in
the following sections.

The B-rep generation (BRG) module of BIM-MP
is responsible for transforming the various geomet-
ric representations of building elements existing in
IFC data into correctly oriented boundary represen-
tations. This process is illustrated in Figure 18: BRG
receives as input the geometric content and its se-
mantics of an IFC model, exported in XML file by
the IFC Geometry Exporter, and returns the B-reps
of this content, in OBJ format.

The BRG module outputs correctly oriented B-reps,
which conform to the right-hand rule. BRG trans-
forms to B-reps, multiple solid geometric representa-
tion types defined by the IfcProducDefinitionShape
and its subclasses. Essentially, the BRG module per-
forms the necessary complex geometric transforma-
tion operations, depending on the input solid rep-
resentation, to produce the three-dimensional points
of the surfaces of the boundary representations con-
tained in the output OBJ file.

The Model Viewer is a BIM model visualization com-
ponent based on the open-source project xeogl (Xeo-
labs 2018). It uses WebGL for rendering 3D graphics
natively within any compatible web browser. This
component loads the geometry of a BIM model from
glTF data (Robinet, 2014), data, allowing the BIM-
MP user to navigate with the camera and to explore

the structural and non-structural elements of a build-
ing and their properties. The Model Viewer is written
in JavaScript and deployed as part of the Core Mod-
ule. It has access to the project repository to load and
visualize the 3D geometric representation of the BIM
model. The process is the following: The BIM-MP
triggers the execution of the B-Rep Module automat-
ically when the IFC data are available in the project
repository. Next, the B-Rep Module generates and
stores the OBJ data into the project repository. Fi-
nally, BIM-MP uses an open-source glTF converter
(CesiumGS) to generate the glTF data. The oper-
ation of BIM-MP’s model viewer is summarized in
Figure 19.

Figure 19: Process diagram of BIM-MP’s model viewer

ASSUMPTIONS AND RESTRICTIONS

BIM-MP operation has the following assumptions:
• BIM-MP’s Core Module contains a 3D viewer
with limited functionalities i.e. colour and tex-
ture support. The model navigation panel, as
well as textures and colours of the building ele-
ments will be included in future versions.

• BIM-MP’s REST API supports queries of IFC
objects by type or GUID. Additional REST API
endpoints such as updating, editing of IFC ob-
jects will be included in a future version of the
BIM-MP.

• BIM-MP is fully compatible with IFC4, and sup-
ports only, non-curved IFC geometric represen-
tations. Some IFC curved geometric representa-
tions are approximated using segmentation pro-
cesses.

All BIM-MP software components were developed by
the authors using JAVA (BIM Library) and C++
(Geometric library). The only external dependence
was the clipper program (Johnson 2016), for low level
C++ geometric polygon operations in 2D.

CONCLUSIONS

An integrated cloud-based platform called BIM Man-
agement Platform (BIM-MP) is introduced and de-
scribed in detail. BIM-MP is developed to handle
OpenBIM files conforming to the IFC4 ISO stan-
dard and to prepare them for automatic generation
of building energy performance simulation models.
BIM-MP follows a SOA design approach, in which
micro-services offering IFC data quality checking and
data enrichment operations are orchestrated and exe-
cuted in an asynchronous manner to ensure fast per-
formance and reliability. Apart from its core mod-
ule which performs GUI and data storing operations,
BIM-MP offers five additional services grouped into
three sub-categories: (a) two data quality services:

an MVD-based data completeness checking service
and a geometric error detection service, (b) two data
enrichment services: the automatic space generation
(ASG service) and the second-level space boundary
topology generation service (CBIP service) and (c)
a graphics engine for displaying IFC components.
These operations are demonstrated on a simple office
building.
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ABSTRACT 

Within the framework of Digital Twin Construction 

(DTC), lean construction (LC) and Building Information 

Modeling (BIM) support an integrated vision for short 

term plan-do-check-act cycles of planning and control in 

construction. However, operations control tasks, such as 

delivery of detailed design information to workers in the 

field, data gathering from the field, progress evaluation 

and error detection, are still largely manual. Innovations 

in Construction Tech can be applied to reduce cycle time, 

waste, construction errors and rework.  In this context, we 

review the current state of the art in BIM and Construction 

Tech integration for control of operations. This includes a 

review of current existing work, investigation of new 

startup companies, and a field survey. The results show 

that there are many  successful but isolated Construction 

Tech innovations and numerous successful localised 

BIM-based contributions in data gathering, monitoring 

and information transfer, but no industry attempts at data 

integration. 

INTRODUCTION 

Lean Construction (LC) and Building Information 

Modeling (BIM) are two rapidly growing applied research 

areas in the field of construction management. Both have 

justified their implementation by significant 

improvements in the cost, schedule and quality of 

construction. LC aims to maximize the value and 

eliminate the wastes in the construction process while 

BIM aims for greater collaboration among project teams 

during the design and construction phases of a project. 

Both have been implemented independently and 

alongside each other on projects, but there is lack of 

research showing their assimilation together to improve 

the construction processes (Sacks et al. 2017).  

Traditional construction control approaches have 

practical problems, challenges, limitations, and gaps 

associated with construction management, construction 

resources, and project information that prevent full 

realization of their benefits (Bhatla et al. 2016). Poor data 

management causes several problems that emerge 

throughout the construction stages including design, 

estimating, planning and site management (Hamzeh et al. 

2015). Missing data, inaccurate site 

records/measurements, in addition to lack of information, 

lead to on-site work conflicts, lapses in site works and 

others. As a result, despite application of the Last Planner 

System (LPS) and BIM, site management may still face 

construction delivery delays and significant waste of 

project resources and cost (Hamzeh et al. 2015). In 

contrast, effective data management can support better 

construction planning and control, on-time project 

delivery, optimal resource consumption, and better 

construction quality within the budget (Sacks et al. 2020). 

Effective construction control planning requires 

detailed and reliable project information, even as the 

process remains manual and prone to error. Complex 

projects contain many interrelated works performed by 

many different trades and resources, and can potentially 

have many design changes during construction (Lindhard 

and Wandahl 2015). Design changes, contractual updates, 

and other uncontrolled project information can negatively 

affect the construction control process. 

Many Construction Tech innovations have been  

introduced in recent years. Many research papers have 

discussed a variety of technologies with potential for 

improving construction planning and control, including  

contributions in data gathering, monitoring and visual 

data projection. Among the technologies used: radio-

frequency identification (RFID), ultra-wide band (UWB), 

wireless networks (WN), global positioning systems 

(GPS), location & distance sensors, cameras, scanners, 

bluetooth sensors (BLE) and others have been used to 

monitor site activities, crews, equipment and work 

environments. 

In this work, we review the state of the art in BIM and 

Construction Tech applications for construction 

operations. We also discuss an investigation of new 

startup companies, and a field survey related to the topic. 

RESEARCH METHOD 

Table 1 shows the research method, consisting of three 

mainphases: (1) Problem finding, (2) data collection and 

analysis (marketinvestigation and field survey), and (3) 

discussion. A literature review supporteddevelopment of 

an understanding of the existing theoretical knowledge 

relatedto the subject. A market investigation was 

performed to identify related technicalsolutions 

developed by startup Construction Tech companies in the 

constructionindustry. A field survey was conducted using 
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a survey to collect datafrom site experts in BIM, LC, and 

Construction Tech users. 

Table 1 Research Methodology 

Phase # Description  

Phase 1 

Problem finding: 

What is the current state of BIM and 

Construction Tech innovations? 

Phase 2 

Data collection and analysis: 

I.  Construction Tech investigation 

II. Field survey 

Phase 3 Discussion 

LITERATURE REVIEW 

Some 76 research papers related to BIM and Construction 

Tech were selected after searching for the following 

topics: BIM for construction and/or operations control; 

BIM and LC integration for optimal planning; Look 

Ahead Planning challenges; Construction Tech and BIM 

integration. Much of the research found was published in 

‘Automation in Construction’ and similar journals, and in 

international conferences such as the ASCE Computing in 

Construction, the European Conference on Computing in 

Construction and the International Group for Lean 

Construction series. Table 2 shows a subset of the papers 

reviewed, together with the analysis of the technologies 

they covered, their purpose (data collection from the work 

face and/or information delivert to the work face, and 

purpose/function). 

Construction Tech integration for Automated Site 

Monitoring Systems (Field-to-BIM Data Gathering) 

Integrated BIM and Construction Tech applications are 

still not very common. 50 of the 76 selected papers 

discuss the integration of BIM and construction 

technology in research settings, and only 26 in industry 

practice.  

Most of these studies support the idea that a BIM-

Construction Tech integrated framework holds the 

potential to improve site monitoring by improving data 

gathering related to on-going site works. Akinci et al. 

(2006) used spatial raw data gathering from the 

construction field to integrate the collected data into the 

project models and developed a formalism for pro-active 

QA/QC defect detection. Bhatla et al. (2012) used a 3D 

laser scanner to capture and record site progress data. The 

results they obtained proved to be more accurate than 

traditional site progress tracking. Braun et al. (2015) 

presented a concept of on-site progress tracking and 

recording. The study also discussed ways to transfer 

collected raw progress data to BIM workspace using point 

cloud technology, which is essential for improving 

ongoing work on construction sites.  

Pučko et al. (2018) presented a method where site 

works are collected continuously, instead of scanning a 

whole building under construction from time to time. As 

a result, the as-built BIM model is continuously updated 

during the construction lifecycle. The presented method 

depends on low precision 3D scanning devices which are 

Table 2 List of a subset of the papers reviewed showing the content analysis 

Page 359 of 438



small enough to fix on workers’ helmets and on the active 

machinery as well. The 3D scanning devices allow 

workers to capture the workspace in real-time and identify 

work that has been done as 4D as-built BIM models. 

Bosche et al. (2008) presented a study showing 

combinations of GPS, RFID and hand-held computing 

technologies to track construction resources and 

materials. Biddiscombe (2005) discussed the uses of laser 

scanning for controlling as-built dimensions. Zhang and 

Arditi (2013) presented a system that can assess progress 

control with minimum human input. The results show the 

potential of using laser scanning technology for 

construction progress monitoring. 

Bosché et al. (2015) presented research for tracking of 

MEP site works (pipes, conduits and ducts). Their results 

emphasized the capability of scan vs. BIM comparisons 

to track discrepancies between scanned as-built and as-

planned MEP-BIM models. The results demonstrated that 

such discrepancies could occur in the field and they are 

either unnoticed (human error) or not reflected in the 3D 

model. Accordingly, the as-built vs. as-planned BIM 

comparison has the potential to improve the construction 

control process. 

Kim et al. (2018) presented a navigation and object 

recognition method that was implemented and tested with 

a custom-designed mobile robot platform, which uses 

multiple laser scanners and a camera to sense and build a 

3D environment map. The study shows that the 3D color-

mapped point clouds of construction sites generated were 

of sufficient quality to be used for many construction 

control applications such as construction progress 

monitoring, safety hazard identification, and defect 

detection. Pušnik et al. (2020) presented a work that 

improved Bluetooth Low Energy Sensor Detection for 

Indoor Localization Services. Zhuang (2020) presented a 

research work for real-time indoor location tracking in 

construction site using BLE beacon trilateration 

BIM integration for Product and Process Infor-

mation Management 

BIM and automation have been applied to many aspects 

of construction including [1] studying construction 

logistics, [2] planning construction processes and 

analyzing construction workflow relative to project cost 

plan, [3] optimizing planning of activities and tasks for 

building construction, and [4] managing supply chains, 

reducing site storage and material shortages. Chua et al. 

(1999) presented a scheduling system called ‘The 

Integrated Production Scheduler System’ that employs a 
methodology to incorporate integrated information into 

look-ahead activities. The presented system has many 

challenges such as limited information management, 

obtaining schedule reliability, and obtaining a smooth 

construction workflow. Choo et al. (1999) presented a 

database tool which adopts LPS methodology and LC 

principles that helps planners to improve planning 

processes by “spelling out work packages, identifying 
constraints, checking constraint satisfaction, releasing 

work packages, allocating resources and collecting field 

progress data and reasons for plan failure”. 
A BIM-based approach has been presented by Dong et 

al. (2013) to automate look-ahead planning (LAP) 

depending on a generation process model that transforms 

the operation instances to operations using a constraint-

based framework. The automated Look Ahead Plan 

generation addresses the commonly manually identified 

on-site constraints such as precedence constraints, crew 

and location availability constraints, operation specific 

spatial constraints and provides sufficient detail to guide 

crews' daily work.  

Other approaches have been presented to show the 

integration between BIM and automated technologies to 

achieve LC principles during the construction cycle. 

Sacks et al. (2011) presented KanBIM as a construction 

management approach which uses BIM to implement the 

pull system in LPS. The term comes from Kanban, which 

is a system that provides flow signals to the workers and 

allows them to adjust the flow through visualization of the 

process. Practically, since crews move from a work 

location to another, it is hard to visualize and 

communicate the flow of the process status. Dave et al. 

(2016) presented VisiLean as an information management 

approach with the following main components: (1) 

Planning and control workflow: LPS is used for long, 

medium and short-term planning, construction constraint 

analysis and management; (2) Process and product 

integration: use BIM model to link tasks and present the 

visualization of the planning schedules based on LPS. 

That is supposed to increase the plan reliability since the 

process information is continuously updated; (3) Visual 

controls: VisiLean facilitates the pull system by providing 

the visualization of the construction workflow; and (4) 

Supporting communication among the project team. 

Hamzeh et al. (2015) presented a simulation approach 

to analyze the relation between improving tasks 

anticipated in LAP phase and total construction time. The 

method used included direct actions with planning 

participants in a weekly meeting. The site visits allow 

better understanding of practical problems that cause 

work plan failures in order to improve the planning 

process. The results show that increasing anticipated tasks 

can have a positive impact on minimizing the overall 

project duration. However, the presented approach is not 

applicable for directly integrating with design changes or 

constraints management. 

Alizadehsalehi and Yitmen (2016) and Pătrăucean et 
al. (2015) discussed the impact of the combination of data 

capturing techniques with BIM in construction 

companies; both discussed the point cloud based method 

for creating as-built BIM models using as-designed BIM 

models. The results show that site surveying for work 

done on site could be prepared in less time and more 

accurately by overlaying as-designed BIM models with 

3D as-built captured BIM models rather than by manual 

site surveying. 
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Saffarini (2018) presented a BIM-resources integrated 

simulation approach to support planners to generate 

construction workflow plans and reliable LAP given site 

progress, plans for crew, equipment and material 

availability to match master schedule time frames. The 

study affirmed that using BIM and simulation can ensure 

the availability of resources before the start of an activity, 

emphasize productivity through the full work chain vs. 

individual activities, and improve constraints satisfaction, 

analysis and removal within a BIM environment. 

However, the work still lacks a) consideration of the 

needed information, b) the potential for automated 

delivery of both the process and product information to 

on-site workers, and c) the needs and potential for 

automated monitoring of production progress. 

Product and Process Information Transfer (BIM-to-

Field Information Transfer) 

Construction site work is changing. Many papers have 

discussed the implementation of Construction Tech and 

computer vision for on-site data collection, monitoring, 

and information projection. Using advanced cameras and 

sensor technology, Augmented Reality (AR) systems 

combine one’s physical surroundings with computer-
generated information and present it in real-time (Minneci 

et al. 2019). Yang and Ergan (2014) discussed integration 

of BIM and AR, showing how semantic information can 

be transferred from a BIM platform to an AR system to 

improve the user visualization interface. In theory, it has 

potential to improve the efficiency and quality of 

construction work by providing digital content on top of 

physical surface views to assist teams in the field (Degani 

et al. 2019). In practice, however, use of AR on 

construction sites is rare. 

Various approaches have been proposed for 

integration of BIM and AR in construction. Williams et 

al. (2014) proposed an approach for BIM model 

translation to be used in a mobile AR application, which 

improves the direct use of BIM information through AR 

on-site. Degani et al. (2019) presented an integrated BIM-

Robot-AR system with self-localization and accurate 

projection of product data from the BIM model directly 

onto a work surface in the right location.  

Summary 

Many research works tried to optimize construction 

planning and improve the lookahead planning process. 

LPS is still a highly manual process and the make-ready 

process is laborious. The traditional planning approach 

has an information-flow gap, poor integration with BIM, 

and poor design change tracking. The automated 

technologies are rarely used to support automatic 

information transfer from BIM to workers using either 

augmented reality or projection of information onto the 

work face. There is also relatively little automatic data 

collection on-site. The gap in current understanding is 

that, to date, there is no BIM-Construction Tech 

framework to integrate monitoring data collected to 

provide meaningful and comprehensive project status 

information, nor for direct delivery of product and process 

data to workers. 

CONSTRUCTION TECH SURVEY 

Several startup Construction Tech companies are 

developing automated systems or software to support the 

Table 3 Startup Construction Tech companies and the technologies they provide 
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1 Open Space X X X X X

2 Versatile Natures X X X X X X X

3 Buildots X X X X X X

4 Indus.ai X X X X X

5 BuildStream X X X X X

6 Dusty Robotics X X X X X X X X X

7 AirWorks X X X X X X X X

8 Astralink X X X X X X

9 Nyfty.ai X X X

10 APE Mobile X X X

11 Kwant.ai X X X X X X X

12 INTSITE X X X X X X X

13 AI Construct X X X X X X X X X X X X X

14 ALICE X X X

15 Uptake X X X

16 Reconstruct X X X X X X X

17 HoloBuilder X X X X

18 Propeller Aero X X X X X X X

19 Imerso X X X X

20 VisiLean X X X

21 Genda X X X X X X X

22 GSimX X X X

23 Civrobotics X X X X X X X X

24 RTC Vision X X X

25 LightYX X X X X X X

26 Datumate X X X X X X X X X X

# Startup Construction Tech

Technology
Source of 

Information
Function
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construction cycle in different phases. There are many 

successful technology applications  in data gathering, data 

monitoring and visual data projection. Table 3 shows the 

26 startup companies investigated, detailing the 

technologies that they provide and their function. All aim 

to support construction control processes. Some of them 

depend on BIM; others do not depend on BIM. The 

companies were classified based on the functions of their  

 solutions (scheduling, data gathering from site, 

information transfer to site, etc.) 

 Table 4 summarizes the startup companies referring 

to data collection and information output. Generally, most 

of the startup companies aim to improve construction 

control by providing accurate site progress monitoring, 

automated and accurate data measurement, crews and 

machines on-site tracking, space availability, construction 

planning and scheduling, etc. It is also clear that some of 

the companies try to integrate BIM and automated 

technologies to automate work progress monitoring. 

However, this integration has limited support for the 

construction production and planning process.  

Table 5 summarizes 13 technologies used in 

construction control with reference to their function. The 

implementations are primarily in the areas of as-built vs. 

as-planned comparison, live construction site monitoring, 

and digital information projection on a physical 

construction surface. Bluetooth, RFID, UWB, Wi-Fi, and 

barcode technologies have been implemented for live data 

Table 4 Review of companies with respect to their contribution to field-to-BIM and BIM-to-field information flows 
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Table 4 Advanced technologies and their functionality for construction 
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capturing from site in some approaches. Computer vision 

has been used to interpret and manage the captured raw 

data. Augmented Reality (AR)  has been used for visual 

presentation of  information for people on-site (Minneci 

et al. 2019).  

Summary 

The market investigation shows that several startup 

Construction Tech companies are investing in 

BIM/Construction Tech implementation to develop 

automated systems or software to support the construction 

cycle in different phases.  

To date, no startup company offers an integrated 

information management platform to support construction 

planning and control  during the daily construction work, 

considering Field-to-BIM data collection, data 

monitoring, and BIM-to-field product information 

delivery. However, there are many applications/software 

already implemented in different construction sites for 

data gathering, progress monitoring, and visual delivery 

of process information. 

Generally speaking, few Construction Tech 

applications support the production control function. 

Some are integrated with BIM, others are not. Those that 

are integrated with BIM present a visual link of site 

resources (crews and machinery) with BIM elements, or 

monitor the resources on-site to improve planning and site 

logistic activities.  

FIELD SURVEY 

A survey was conducted with construction staff 

(engineers, planners, construction managers, directors, 

QA/QC specialists, etc.) to explore possible and current 

use of Construction Tech on site. The questionnaire 

consisted of 22 questions overall within 5 main sections: 

(1) participant qualifications and professional 

background, (2) lean construction, (3) BIM, (4) 

construction planning, (5) Construction Technologies. 

The questions focus on the participants’ current and most 
recent experiences with reference to the process itself, 

challenges, main impacts, advantages and disadvantages, 

technologies used, purpose of implementation, 

achievements, workability, etc.  

78 qualified participants from different countries 

(Mainly: GCC regoin, UAS, Canada, Eurpoe countries, 

China, India, Autsrlaia) filled out the questionnaire. 12% 

of the participants had a director position, 25% of them 

were senior managers, 30% were managers, 33% were 

working in a supervisory intendent position. All 

participants who held junior positions, were removed 

from the survey results. 

79% of the valid respondents worked for construction 

companies, 11% worked for real-state, 33% worked for 

design & consultancy, and only 12% worked for 

government & authorities (Figure 1). Results also show 

that 41% of the participants worked in planning and 

control departments, 27% worked in design and technical 

roles, 41% worked in site construction, 41% worked in 

BIM and digital construction, while only 4% worked in 

ML and AI (Figure 2).  

In terms of project type experience, Figure 3 shows 

that 73% of them worked in residential projects, 76% 

worked in commercial, 53% worked in infrastructure 

projects, and 39% worked in airport projects. 
  

 
Response  

Percent 
Real state   10.61% 

Construction Company   78.79% 

Design & Consultancy   33.33% 

Government & Authorities   12.12% 

Other (please specify):   3.03% 

   Figure 1: Participants’ Working area chart 

 
  Response 

Percent 

Planning & Construction Control   
 

41.30% 

Design & Technical   
 

27.17% 

Contracts & Commercial   
 

23.91% 

Construction & Site work   
 

41.30% 

ML & AI   
 

4.35% 

BIM & Digital Construction   
 

41.30% 

Other (please specify):   
 

3.26% 

       Figure 2: Participants’ professional experience 

chart 

 
  Response 

Percent 

Residential project   
 

72.73% 

Commercial project   
 

75.76% 

Educational project   
 

33.33% 

Health care/ Hospital project   
 

39.39% 

Hotel project   
 

48.48% 

Infrastructure project   
 

53.03% 

Airport project   
 

39.39% 

Other (please specify):   
 

6.06% 

Figure 3: Projects’ types chart 

 

Summary 

The collected answers show that 69 % of the participants 

confirmed that they used manual paper-written reports 

through site visits for on-site data collection purpose. 

Meanwhile, 19% of them used a Personal Digital 

Assistant (PDA) for data gathering (Tablet, Phone, etc.), 

and 12% automated the site data collection task using 

Construction Tech tools such as robots, laser scanners, 

cameras, sensors, etc. 

The participants’ feedback shows that Construction 
Tech is still rarely used: 51% of survey participants had 

never used Construction Tech in construction work. 

Meanwhile, 49% of the participants confirmed that they 

were working (or had worked) in a project which 

implemented construction technologies to improve and 

control the construction process in one form or another. 

Table 6 shows the data analysis for recived answers from 

39 vailed partiticpants in construction Tech field: 46% 

used Construction Tech for data collection, 73% used 

them for information transfer, and 12% used specific 

technologies for data monitoring.  

Results also confirmed that people are aware of 

construction technologies and their implementation, but 

they do not aply them due to lack of resources, costs and 

lack of client knowledge/interest in such implementation.  
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DISCUSSION 

This research depends on three main data sources; 

existing work, Construction Tech innovations, and field 

survey. The literature review shows that many papers 

have discussed a variety of technologies with potential for 

improving construction planning and control. Other 

works discussed the implementation of Construction Tech 

and computer vision for on-site data collection, 

monitoring, and information projection.  

The review of Construction Tech and startup 

companies shows that BIM and automation have been 

applied to many aspects of construction including (1) 

studying construction logistics, (2) planning construction 

processes and analyzing construction workflow relative to 

project cost plan, (3) optimizing planning of activities and 

tasks for building construction, and (4) managing supply 

chains, reducing site storage and material shortages. 

However, BIM and Construction Tech integrated 

applications are still not very common. 

In parallel, the field survey confirmed that BIM and 

Construction Tech is still rarely applied, due primarily to 

lack of knowledge and time and cost constraints. 

However, a few success stories have been reported. 

Specifically, Construction Tech is rarely used in  the 

make-ready process. Current approaches lack the 

necessary underlying process models and automation. In 

general, current approaches rely on engineers’ experience 
and skills in estimation, calculation, and resource 

distribution with limited database and automation. 

 

 

 

 

CONCLUSION 

BIM and Construction Tech have the potential to improve 

production control in construction by providing all 

valuable information on time. BIM and Construction 

Tech implementation would support on-site production 

control with automated data collection processes, 

monitoring, and information transfer to people onsite; 

considering site performance, work sequencing and 

matching tasks to resources. However, the data collection 

process remains highly manual and it is weakly integrated 

with BIM and other automated construction technologies. 

It is apparent that many control problems can be 

solved through effective integration of BIM and 

automated monitoring technologies, which can improve 

information flows, thus improving construction control 

systems. LPS and BIM, in addition to a range of new 

construction real-time monitoring technologies, could be 

successfully applied for automated construction layout 

(BIM-to-Field) and progress survey (Field-to-BIM). 

Focused research effort is needed to explore integrated 

application of multiple technologies and data fusion to 

improve the level of detail and the reliability of 

information collected.  
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ABSTRACT 

Currently various technologies are used in order to 
determine the geometry of existing buildings, however 
there is no established technology to identify the material 
composition of buildings. The traditional material 
identification of existing buildings is conducted manually 
through destructive methods, which is not accurate 
enough and cannot be applied in the operation phase. 
Within this paper, ground penetrating radar (GPR) 
technology is applied on a real use case to determine the 
material composition of buildings. The traditional and 
GPR method are compared regarding costs and time 
effort. Results show, that the GPR method has great 
potential, but requires further optimizations.   

INTRODUCTION 

The construction industry is the world’s largest consumer 

of raw materials and accounts for 25% of the total solid 
waste generated worldwide (Yeheyis et al., 2013). In 
many European countries, the secondary stock is even 
larger than the primary resources, as for example in 
Austria, which is a country that strongly depends on 
imports due to the low amount of primary resources 
(Brunner and Rechberger, 2016). Thus, it is of utmost 
importance to reduce the consumption of virgin materials 
and increase the reuse and recycling of materials in the 
stock. The systematic reuse of anthropogenic materials 
from the existing stock is a new approach towards 
recycling, an approach labelled as “Urban Mining” which 

is one of the main strategies within Circular Economy 
(CE) (Klinglmair and Fellner, 2010). However, the main 
problem that the construction sector is confronted with, is 
the lack of information about the existing building stock 
(Brunner, 2011), since in general planning documents are 
either not available or do not comply with the actual state 
of the building. Thus, due to lack of information on 
existing buildings, planning the end-of-life stages of 
buildings as well as enabling reuse and recycling of the 
existing material stocks is difficult.  

In order to obtain the geometry of existing buildings 
various digital capturing methods are available, such as 
photogrammetry and laser scanning, both established 
methods in the AEC (Architecture, Enginering and 
Construction) -industry. However, there is lack of digital 

technologies for the identification of materials embedded 
in building components. The traditional material 
assessment of buildings is conducted manually through 
knocking and drilling. These methods are mainly 
conducted at the end-of-life stage of buildings in the scope 
of a pre-demolition waste audit in order to assess the 
amount and type of waste that will occur at demolition of 
the building, without paying attention on the recycling 
and reuse potential. Usually, this information is not 
accurate, since it is based on general assumptions from 
planning documentations and random samples. Moreover, 
the traditional assessment of existing buildings through 
knocking and drilling is only possible at the end-of-life 
stage, when the users moved out of the building. 
However, in order to assess the reuse and recycling 
potential of materials embedded in buildings as well as the 
material value of the building, schedule the thermal 
renovation of buildings, plan sustainable waste streams, 
and make these materials available publicly, the 
information on the exact material composition is needed 
prior the end-of-life stage of a building. Accordingly, non-
destructive methods are needed to capture the exact 
material composition without destroying the existing 
building, which would enable the development of a digital 
urban mining platform consisting of relevant information 
of buildings. 

Within this paper, Ground Penetrating Radar (GPR) 
technology is used for material identification, which 
enables a non-destructive characterization of the material 
composition of building components. GPR is a near-
surface geophysical tool which is applied for multiple 
purposes ranging from geological studies and 
geotechnical engineering to environmental contamination 
and biomonitoring (Zhao et al., 2013). Through the GPR, 
a non-destructive characterization of shallow subsurface 
targets is enabled, based on changes in the electro-
magnetic properties of the materials (Davis and Annan, 
1989). Due to its non-destructive character, the GPR 
found broad application in archeological studies in the last 
decades. The GPR enables mapping of the spatial extent 
of buried cultural heritage as well as pre-excavation 
subsurface imaging without destroying essential 
archaeological evidences (Trinks et al., 2018). A GPR 
device consists of a transmitting and receiving antenna, 
whereby the transmitting antenna sends electromagnetic 
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waves into a subsurface, where the waves are reflected 
from interfaces or scatter off from point sources and travel 
back to the receiving antenna. The time the 
electromagnetic wave needs to travel to an interface and 
come back tho the surface is called travel time, which 
allows to make assumptions about the distance of the 
detected target. The amount of energy, that comes back 
from the electromagnetic wave, depends on various 
characteristics such as the permittvity of the material, 
which allows to make assumptions about the electrical 
conductivity and dielectrical constant and accordingly the 
material type (Davis and Annan, 1989). 

Terahertz spectroscopy is a promissing non-
destructive method, which did not find a broad application 
in the AEC-industry yet, as it is mainly used for 
pharmaceutical products and biological tissues, such that 
it delivers results on small-scale (trace mineral) (Abina et 
al., 2015).  

This paper is based on the funded research project 
SCI_BIM “Scanning and data capturing for Integrated 
Resources and Energy Assessment using Building 
Information Modelling” (grant number 867314), which 
was conducted with industrial partners and research 
institutes of TU Wien. Within SCI_BIM various methods 
for generating an as-built BIM-Model of an existing asset 
are tested and evaluated regarding the applied 
technologies as well as their cost and time efforts. 
Within this particular paper, the potentials of GPR-
technology for material identification of building 
components will be explored. The aim is to demonstrate 
the application of the GPR on a real use case and 
determine the correctness and precision of the obtained 
results. A further aim is to evaluate the costs and time 
effectiveness of the GPR method in comparisson with the 
traditional material chracterization method. The novel 
contribution of this paper is the application of the GPR-
technology for a semi-automated material identification 
of building elements, thus closing a gap, since research 
dealing with this content is lacking. 

EXPERIMENT 

The application of the GPR is demonstrated on a real use 
case – a facility of TU Wien. For obatining the geometry 
and generation of the as-built BIM, laserscanning 
technology was applied. The point-cloud obtained from 
laser scanning built the basis for the manual creation of 
the “geometrical” BIM-Model, which consists of the 
exact dimensions of each building component as well as a 
unique element ID for each component. The manually 
generated BIM-Model served as reference model for the 
GPR-measurements, which were carried out after the 
BIM-Model was created. Since the focus of this paper lies 
on the identification of the building`s material 
composition through GPR, the process for generating the 
BIM with exact geometrical information is not further 
explained. The building was to be demolished in the near 
future, thus destructive methods could be applied to 
identify the real material composition of the building, 

enabling the comparisson of the results as well as 
calibration of the GPR-measurements. The GPR and 
traditional method for material identification were 
assessed and compared regarding costs and time efforts in 
order to estimate the potentials for a broader future 
application to enable the generation of a digital urban 
mining platform.  

Use Case 

The investigated building (Figure 1) is located in the third 
district of Vienna and has a total area of 1265m². The 
facility of TU Wien comprises of three parts: the office, 
lab and storage, which can be distinguished from outside 
due to their varying heights. The highest part of the 
building is the storage, whereby the lowest is the office. 
Between the office and the storage, the lab is located. The 
building was occupied at the beginning of the 
investigations in the building. After the move out of the 
occupants, destructive methods were applied to identify 
the actual material composition of the building 
components.  

Figure 1: Aerial image of the facility 

GPR method  

The GPR-measurements were conducted on all walls and 
floors of the use case, however, a verification of the 
material composition was only possible for the walls, 
which is the reason why only the reuslts of the walls are 
presented in this paper. 89 measurements were conducted 
on the walls with a 1.6 GHz GPR-antenna. Most of the 
walls were measured on three varying heights (bottom, 
top and in between at a height of 1.1 m) horizontally. 
Following a horizontal line, a measurement was taken 
every centimeter. To obtain a final result per wall, the 
mean value of the measured parameters was assessed. 
Some of the measurements were only conducted on one 
height of the wall, since the composition did not differ 
from bottom to top, thus one measurement was sufficient. 
Figure 2 shows the floor plan of the use case (lab and  

 
Figure 2: Floor plan with corresponding radar images 

(©ZAMG Archeo Prospections) 
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office part) with the corresponding radar images of the 
walls. All GPR-measurements are referenced to the 
“geometrical” BIM-Model via the element IDs, and 
shown in a GIS (Geographic Information System).  

For the classification of the walls regarding their 
material composition, three parameteres were meausured 
from the received GPR wave: the energy of the first local 
maximum in the measured signal (E1), the energy of the 
second local maximum in the measured signal (E2) and 
the main frequency of the first maximum wave (F). In 
previous research, the amplitude of the first arriving wave 
was used e.g. for identifying probable pathological areas 
within timber and for monitoring and mapping the 
permittivity properties of shallow surfaces (Rodríguez-
Abad, I., Martínez-Sala, R., & Mené-Aparicio, 2015, 
Comite et al., 2015).  Our experimental set up bears a 
close resemblance to previous work, since E1 refers to the 
amplitude of the first arriving wave of previous work. 
However, within this paper, further parameters are used 
to identify materials (E2 anf F).  

It can be assumed that two different walls that 
comprise of the same material composition, deliver the 
same measurement results, thus the values for E1, E2 and 
F are similar. Figure 3 displays the first results of the wall 
classifications. The classification was performed through 
analysis of the three parameters and grouping of similar 
measurement results. The existing planning documents, 
were also taken into consideration for the classification of 
the wall types. Accordingly, 6 different wall types were 
identified, whereby only one of them was identified 
unambiguously: the plasterboard wall (“sheetrock”), 

which could be identified easily by checking the radar 
images without a deep analysis of the measured 
parameters due to its inhomogeneous composition. 
Plasterboard walls comprise of metal profiles and 
insulation, which is positioned between two metal 
profiles. Metal has a higher density (density of e.g. steel 
sheet is 7800 kg/m³) in comparison with insulation 
(density of e.g. mineral wool is 18 kg/m³), thus  the energy 
of the electromagnetic wave that comes back from the 

metal surface is significantly higher than the energy from 
insulation since the electromagnetic wave penetrates 
through the insulation. A differentiation of these two 
materials, thus the characterization of a plasterboard wall, 
is easily possible. Figure 4 shows the radar image of a 
plasterboard wall. The bottom of the figure is the side of 
the wall on which the GPR was applied, where also the 
corresponding drawing of the wall is shown. In the radar 
image it can be seen that the electromagnetic wave cannot 
penetrate through the metal profiles, whereas in case of 
the insulation, the waves penetrate through it. The other 
five wall types could be differentiated from each other due 
to the measured parameters as well as through 
comparisson of the results with the planning documents 
(“concrete 1” and “concrete 2”). However, for a clear 
identification, the real composition was required. Thus, 
for selected walls, destructive methods such as drilling 
and cutting were applied in order to define the exact 
material composition and calibrate the GPR-results. 
  

 

Figure 4: Radar image with the corresponding plasterboard 

wall 

  

Figure 3: Initial classification results (©ZAMG Archeo Prospections) 
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Traditional method: knocking, drilling and general as-

sumptions 

The traditional material characterization was conducted 
twofold – in the scope of a pre-demolition waste audit, 
which is a mandatory analysis prior demolition of build-
ings in Austria, and from an urban mining assessment per-
spective, where the aim was to identify the material com-
position as accurate as possible, which in general is not 
obligatory, but was required for the verification of the re-
sults obtained from the GPR. The state-of-art assessments 
were conducted on three days by using manual tools such 
as a hammer and chisel. However, not every building 
component was analyzed through destructive methods, 
thus, assumptions were made for some of the components. 
As a result, two spreadsheets with the material composi-
tion of each building component were generated, namely 
in form of a pre-demolition waste audit and from the ur-
ban mining assessment perspective, thus in the scope of a 
very accurate analysis. The results were compared and 
improved, whereby some mistakes could be avoided. As 
a result, one final spreadsheet with exact material compo-
sition of each building component including the proper-
ties of each material such as the density was generated. 
Table 1 shows the wall types as determined through 
traditional methods. In total, six different wall types were 
identified through destructive methods, which do not all 
comply with the classifications from the GPR-
measurement. There is one type of exterior wall (EW), 
namely EW 1, which is a multi-layered wall consistitng of 
three layers. Four of five interior walls are mono-layered, 
whereby the plaster layers of all walls were considered, 
since they cannot be reused or recycled. Interior wall (IW) 
3 is the inhomogeneous plasterboard wall, which could be 
identified immediately, as described within this section.   

Table 1: Wall types as determined through traditional methods 

Calibration of the GPR-assessments 

The initial results of the GPR-measurements were cali-
brated based on the classification of the traditional mate-
rial identification. Since on almost all walls destructive 
methods were applied, the wall types were determined 
through conventional methods. Thus, the results comply 
with the actual material composition of the building’s 

walls. The parameters E1, E2 and F were assessed by 
summing up the values of each wall with the same mate-
rial composition, as determined by destructive methods, 
and calculation of the mean values for these parameters. 
Table 2 displays all wall types with their corresponding 
values for the parameters E1, E2 and F, after the results 
were calibrated. With the new classification, the IW 3 
could be identified unambiguously, as it was the case for 
the first assessments (4 out of 4 measurements were cor-
rect). The distinction between the two aerated concrete 
wall types EW 1 and IW 1 was not definite, even though 
EW 1 is a multi-layered element. The GPR-measurements 
were conducted on EW 1 from inside, thus aerated con-
crete was the first material through which the electromag-
netic waves penetrated through. It is assumed that the am-
biguous results are due to the similar construction of the 
walls, since EW 1 and IW 1 both comprise of aerated con-
crete. IW 2 (concrete) could be differentiated from IW 1 
(aerated concrete), when the frequency of IW 2 was lower 
than of IW 1 and the energy of the second electromagnetic 
wave was high in comparison to IW 1, which was not al-
ways the case. Accordingly, 7 out of 15 GPR-
measurements of IW 2 were interpreted correctly. The 
other 8 measurements were identified either as IW 1 (aer-
ated concrete) or IW 4 (precast concrete block). IW 4 was 
mostly classified correctly, namely 7 out of 9 GPR-
measurements. The results of IW 5 (solid brick) lie in the 
center of the values for IW 1 and EW 1, thus, a definite 
identification of IW 5 was not possible for each wall. Ac-
cordingly, some walls were identified as IW 5, some as 
IW 1 and EW 1.  

The final results of all measured walls are illustrated 
in Figure 5, where the results obtained from the GPR are 
compared with the actual wall composition, as determined 
through destructive methods. The results of the GPR-
measurements are displayed as dots, whereby the wall 
types defined by destructive methods are shown as a ring. 
The colors of the dots and rings represent the 
corresponding wall type. As Figure 5 shows, the energy 
and frequency of the first wave of IW 1 is spread 
throughout the results of EW 1, such that a definite 
identification of IW 1 is not possible. The same problem 
occurred in case of IW 5.  

Table 2: Classification of the walls through GPR-

measurements 

Wall type E1 E2 F 

Exterior wall 1 "EW 1" 13000 2844 1350 

Interior wall 1 "IW 1" 16345 3550 1350 

Interior wall 2 "IW 2" 15315 6500 1150 

Interior wall 3 "IW 3" 20000 8000 1480 

Interior wall 4 "IW 4" 20000 10000 1100 

Interior wall 5 "IW 5" 15441 2502 1250 

Wall type construction 

Exterior wall 1 "EW 1" 
multi-layered wall: aerated con-
crete/mineral wool/steel sheet 

Interior wall 1 "IW 1" aerated concrete 

Interior wall 2 "IW 2" concrete 

Interior wall 3 "IW 3" 
inhomogeneous wall: plaster-

board/mineral wool/metal profile 

Interior wall 4 "IW 4" precast concrete block (hollow) 

Interior wall 5 "IW 5" solid brick 
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As-built-BIM 

The compilation of the as-built-BIM with the exact geom-
etry and materials information was conducted manually, 
mainly based on the final result of the traditional method 
and the existing “geometrical” BIM-Model from the 
point-cloud. Therefore, multi-layered building compo-
nents were generated in BIM-Software and assigned to the 
corresponding elements. For mono-layered components 
only the material type of the building elements was 
changed.  

Cost and time efforts 

The cost and time efforts were assessed for both methods 
in order to evaluate how much higher the costs and the 
time effort of the GPR method are, in comparison with the 
traditional method. The assessment of the cost and time 
efforts for both methods is divided in three stages, namely 
the data gathering, pre-processing and model creation 
stage.  

The data gathering stage refers to the GPR-
measurements as well as to the traditional assessment, 
which were conducted at the use case. The pre-processing 
stage of the GPR method consists of allocating the 
obtained data to the coordinates of the building, analysis 
of the radar images and of the results regarding automated 
material identification. In the pre-processing stage of the 
traditional method a chemical analysis was conducted as 
well as a comparison of the results from the pre-
demolition waste audit and the urban mining assessment. 
In the model creation phase of the GPR method, the final 
classification was performed based on the results of the 
traditional method. A spreadsheet with wall types and 
their corresponding classification was created and the 
GIS-based presentation of the walls including their 
material composition (Figure 3) was conducted. The 

model creation phase of the traditional method comprises 
of the final wall classifications including the thicknesses 
and material type of each layer of a wall. Figure 6 displays 
the costs, whereby Figure 7 shows the time effort of both 
material assessment methods. In total, the GPR method 
leads to costs up to 117.000 € and to a time effort of 648 
hours, whereas the traditional assessment accounts for 
about 8.200 € and is conducted  

 

Figure 6: Costs per stage [€] 

 

  Figure 7: Time effort per stage [h] 

Figure 5: Final classification results (©ZAMG Archeo Prospections) 
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in 154 hours. Thus, the GPR method costs about 14 times 
more than the conventional assessment method and takes 
about 4 times longer. The largest costs within the GPR as-
sessment method occur in the pre-processing stage and are 
caused by personnel costs, due to the very-time consuming 
tasks in this stage. Within the traditional method, the data 
gathering stage leads to the largest costs and the highest 
time effort, which is due to the accurate data gathering 
method. 

DISCUSSION AND RESULT ANALYSIS 

This paper has shown, that the applied GPR-technology 
has large potential regarding non-destructive material 
identification of building components. However, as pre-
sented within this paper, the identification of the material 
composition was not possible for every wall type. Moreo-
ver, for the identification of materials with the GPR, the 
actual material composition is required in order to assign 
the GPR results to the corresponding wall. 

Due to their inhomogeneous character, the 
plasterboard walls of the use case could be identified 
unambiguously. A differentiation between the multi-
layered exterior walls (EW 1), which comprise of aerated 
concrete, mineral wool insulation and a steel sheet, and the 
mono-layered aerated concrete walls (IW 1) was not 
always given due to the similar values for E1, E2 and F. 
The same applies for the differentiation between aerated 
concrete (IW 1) and concrete (IW 2), as well as for the 
brick walls (IW 5), since the parameters E1, E2 and F of 
the brick walls (IW 5) are spread between the values of 
aerated concrete (IW 1) and concrete (IW 2). In order to 
enable a definite identification through GPR, the 
measurement of one or more parameters is required. 
Moreover, for an automated identification, a wall type 
classification database needs to be built up in order to 
enable a broader application, wherefore more use cases 
need to be captured with GPR as well as through the 
traditional method, to obtain the real material composition.  

The as-built BIM-Model was generated manually, 
based on the point-cloud obtained from laser scanning, 
through integration of the materials information into the 
existing “geometrical” BIM-Model. The applied workflow 
was straightforward; however, the integration of the mate-
rials information after the BIM-Model exists, is an effort-
ful task. The integration of the geometry and materials in-
formation in an earlier step, would be time-saving. As the 
GPR can deliver the results as a point-cloud, an integration 
of the materials information into the point-cloud from laser 
scanning is possible, but was not tested within this re-
search.  

As expected, the GPR method was very cost intensive, 
namely lead to 14 times higher costs than the traditional 
method. However, within the data gathering phase of the 
cost assessment, the hard- and software costs were also 
included, which would not be necessary for follow-up 
GPR-measurements. Moreover, most of the GPR-
measurements were conducted on three heights as a 
horizontal line, namely at the top, bottom and at a height 

of about 1.1 m. Measurements on three different heights 
are not necessary, since the compositions of walls 
generally do not vary from bottom to top, such that one 
measurement per wall would be sufficient. Accordingly, 
there was more data that had to be processed in the pre-
processing stage, which significantly increased the costs. 
In the pre-processing phase the automated material 
identification was also tested, which was confronted with 
obstacles due to lack of comparable GPR-data (no existing 
classification from GPR available). However, when a wall 
type classification database is built up, the costs and time 
effort would significantly decrease, since an automated 
identification would save a lot of time.    

CONCLUSIONS 

Within this paper, a novel approach for material 
identification was tested by applying the non-destructive 
GPR-technology on a real use case. As shown in the results 
and in the discussion and result analysis section, GPR-
technology has great potential for material identification. 
For a broader application, a classification database is 
required, to enable an automated identification without the 
need for destructive methods. Moreover, the GPR-
measurements are associated with high costs, which could 
represent an obstacle for a broad application in the AEC-
industry.  

The non-destructive character of this method enables a 
material identification in the operation phase of a building 
thus, enabling the assessment of a building`s value, the 
scheduling of thermal renovations of buildings as well as 
the planning of sustainable waste streams. In general, the 
detection of metals (steel, copper etc.), which are materials 
with high recycling potential, would also be possible. 
Through the GPR, the exact location and amount of e.g. 
copper pipes can be defined as well as the reinforcement 
within concrete.  

In order to make the identified materials available 
publicly, an urban mining platform is required. The urban 
mining platform would support Circular Economy 
strategies by making the information on the existing stock 
availabe publicly, thus enabling reusing and recycling of 
materials incorporated in buildings, in order to keep 
materials within the loop and reduce raw materials 
extraction. The existence of a BIM-Model at the end-of-
life stage of buildings comprising of the exact geometry 
and material composition of a building would support the 
mentioned strategy and could also be embedded in the 
urban mining platform. Thus, such a platform would 
significantly support the switch from the linear oriented 
processes (“take-make-waste”) of buildings towards a 

more circular approach (Mining, 2015).  
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ABSTRACT
This paper focuses on the integration of material and

fabrication parameters into the earlystage digital design of
freeform gluelaminated (glulam) timber structures. This
integration constitutes an embedding of a glulam material
ity into digital design modelling tools. This paper presents
GluLamb, a software modelling toolkit that implements a
constrained glulam blank model for the design and fabrica
tion of glulam elements. The general functionality of this
toolkit is described and three case studies are presented
which show the application of GluLamb in different con
texts: design simulation in research, design exploration
and rationalization in an architectural practice setting, and
as the basis for a digital designtofabrication workflow.

INTRODUCTION
Digital materiality

As digital design evolves to accommodate biobased
systems and a deeper material engagement, the idea of ma
teriality in digital modelling has gained an important sta
tus. In a broader sense, as a set of ”capabilities that afford
or constrain action” (Leonardi 2010), digital materiality
has sought to imbue models with a sense of the physical
substrates that they represent, especially their behaviours
and simulated performance. Entwining digital simulation
of material behaviour into processes of drawing and mak
ing has therefore led to new design practices that shift
between the digital and the physical (Ramsgaard Thom
sen and Tamke 2009; Ramsgaard Thomsen, Tamke, et al.
2017; Svilans 2020), and has evolved the role of architec
tural drawing and modelling from being primarily repre
sentational to being functional (Hensel and Menges 2006).
Putting aside the broader questions of how this materiality
might change how architecture is imagined, this also has
immediate implications for the link between design and its
materialization.

The manufacture of timber elements benefits espe
cially from this digital materiality due to the complex be
haviours of wood and its highly varying and anisotropic
properties. Integrating the material performance of timber
into design practice has therefore led to a rapidly expand
ing field of research, from the computational embedding of
material behaviours (Fleischmann et al. 2012; Wood et al.
2016); to exploring the processing of timber in its raw state

Figure 1: Prefabricated curved glulam beams.

through robotics, digital simulation, and heuristic meth
ods (Mollica and Self 2016; Self and Vercruysse 2017); to
developing new joining techniques and morphologies of
mass timber elements (Robeller and Weinand 2016). With
the increasing focus on timber construction as a path to
wards climate resilience and a lower carbon footprint in
the built environment, the design, development, and man
ufacture of timber structures is gaining momentum across
the broader construction sector. Although the timber in
dustry has long benefited from developments in automa
tion and process efficiency, the shift towards more pre
planning and prefabrication across the AEC industries has
put more pressure on the precise alignment of earlystage
design and latestage manufacturing strategies, most often
through the generation, bidirectional transfer, and encod
ing of information (Schindler 2007).

Material data and process knowledge
This exchange of information is crucial to the success

of timber buildings, particularly in cases of high geometric
and manufacturing complexity. As Scheurer et al. (2013)
point out, this entails bringing traditionally latestage in
formation far forward in the design process, and an early
definition of goals, constraints, and coordination between
stakeholders. Their observations are based on case stud
ies of largescale and geometricallycomplex timber build
ings, often with curvilinear glulam elements (Fig. 1) with
extreme and outofplane curvatures (Stehling, Scheurer,
Geglo, et al. 2017). Indeed, the expressive formal possi
bilities enabled by freeform glulam construction also re
quire an understanding and careful navigation of its pro
cesses and limitations  the earlier the better. The key goal
here is both the integration of material knowledge early in
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the design phase  where decisions are cheap and fluid 
as well as, more generally, the interfacing and negotiation
of different types of information at different stages of the
designtoproduction process.

In the manufacture of these types of buildings, chal
lenges still exist in the transfer of features and machining
details from design models to fabrication environments.
Stehling, Scheurer, and Roulier (2014) point out the typi
cal difficulties encountered when processing curved sur
faces with traditional CAM software, and the need for
more machineagnostic methods of describing machin
ing operations to permit abstraction and reuse between
projects. While resultant languages such as Building
Transfer Language (BTL) and Hundegger BVX are an
excellent solution for standardized material formats such
as flat panels and straight beams, freeform elements are
more often than not still handled through custom CAM
interfaces or the direct scripting of toolpaths. Further
more, apart from machining, freeform glulam elements
are constrained by the limitations of the lamination pro
cess, something which can have a severe impact on over
all fabrication complexity and costs. Software that inte
grates the glulam lamination process is still the affair of
manufacturerspecific vendors and does not interface with
the typical CAD environments used in earlystage archi
tectural design.

GluLamb occupies this niche between glulam manu
facturing and design, and aims to connect the key parame
ters that govern manufacturing cost and complexity of glu
lam elements with the fast exploration of design ideas, in
this way embedding a certain glulam materiality in the dig
ital model. In this sense, it aspires not to be exhaustive, but
integrative, and is therefore made to be a lightweight tool
that can provide important indicators of downstream risk
and uncertainty.

AIMS AND METHOD
Being developed through a larger practicebased

project that employs a researchbydesign methodology
(Frayling 1993), the development of GluLamb follows a
similar approach. This is initiated by defining the basic
geometric constraints involved in glulam modelling, and
incrementally adding further layers of detail in order to
address specific constraints and issues.

Previous work explores modelling methods for free
form glulam design and fabrication that consider multiple
scales of intervention and the disparate types of informa
tion in each scale (Svilans, Poinet, et al. 2017). This sows
the seeds for a more coherent and formalized object model,
and GluLamb develops this further to streamline both its
usage and applicability to different contexts. Subsequent
work tests the glulam model against other geometric mod
els of complex glulam elements provided by industry part
ners to ensure the validity of the basic modelling approach.
Its flexibility in defining fabrication features and joints is
extended into a relational model of glulam assemblies and
structures. Its applicability in earlystage design scenar
ios is tested in an architectural design project in collabora

tion with industry partners. Finally, its use as an interface
between other design simulation models is explored in a
research environment.

The development aim is to gradually increase the infor
mation density and flexibility of the toolkit to make it re
sponsive to a wider range of parameters, especially where
specifications and codes are concerned. For example, the
lamella thickness versus maximum glulam curvature re
lationship in GluLamb is calculated using either Eurocode
or APA standards, selected by the user, but other standards
may be useful.

This paper demonstrates the use of GluLamb as a) an
interface between design and material simulation, b) as a
technique for rationalizing geometricallycomplex timber
structures in earlydesign stages in an architectural prac
tice setting, and c) as a viable tool for moving from design
through to digital fabrication of a small glulam structure.
These uses are each presented through case studies, focus
ing on the role of GluLamb in design performance simu
lation, earlystage design, and digital prototyping.

GluLamb is a .NET software library, using the
RhinoCommon API for the popular McNeel Rhinoceros
3D CAD package.

THE GLULAM BLANK
In comparison to other mass timber products, the

curved glulam blank occupies an interesting area within
the family of laminated timber elements. Other mass tim
ber products such as CLT panels and straight glulam ele
ments are generally laminated to a particular set of dimen
sions, and then cut and machined to the desired profiles,
in the same way that dimensioned lumber is processed for
a particular application. The curved glulam blank, how
ever, requires that the lamination is specific to the designed
form. This means that, in more complex cases, each glu
lam blank must be tailored to the individual beam and can
not be interchanged with its neighbours. In more ratio
nalized cases, the designed beam geometries are similar
enough such that the same glulam blank could accommo
date multiple shapes of beams, greatly speeding up the
lamination process, as the presses would not have to be
adjusted for each one.

The cutting of curved geometries out of wood has sig
nificant repercussions for the strength of the final ele
ments, again due to the anisotropic strength properties of
wood and its fibre direction. Maximizing the strength of a
glulam element therefore can be equated to perfectly tai
loring its blank to the form of the final designed element.
With regard to waste, the closer the form of the blank is
to the final form of the element, the less waste arises from
the final machining process, however the total amount of
waste must also include the intermediate processing steps
of planing and dimensioning the laminations, something
which drives the bulk of the postsawmill waste in the
manufacture of highlycurved glulam elements. The trade
off  between manufacturing expediency, waste, and struc
tural efficiency  becomes apparent.

Glulam blanks are therefore categorized into straight,
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sponsive to a wider range of parameters, especially where
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lationship in GluLamb is calculated using either Eurocode
or APA standards, selected by the user, but other standards
may be useful.

This paper demonstrates the use of GluLamb as a) an
interface between design and material simulation, b) as a
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tice setting, and c) as a viable tool for moving from design
through to digital fabrication of a small glulam structure.
These uses are each presented through case studies, focus
ing on the role of GluLamb in design performance simu
lation, earlystage design, and digital prototyping.

GluLamb is a .NET software library, using the
RhinoCommon API for the popular McNeel Rhinoceros
3D CAD package.

THE GLULAM BLANK
In comparison to other mass timber products, the

curved glulam blank occupies an interesting area within
the family of laminated timber elements. Other mass tim
ber products such as CLT panels and straight glulam ele
ments are generally laminated to a particular set of dimen
sions, and then cut and machined to the desired profiles,
in the same way that dimensioned lumber is processed for
a particular application. The curved glulam blank, how
ever, requires that the lamination is specific to the designed
form. This means that, in more complex cases, each glu
lam blank must be tailored to the individual beam and can
not be interchanged with its neighbours. In more ratio
nalized cases, the designed beam geometries are similar
enough such that the same glulam blank could accommo
date multiple shapes of beams, greatly speeding up the
lamination process, as the presses would not have to be
adjusted for each one.

The cutting of curved geometries out of wood has sig
nificant repercussions for the strength of the final ele
ments, again due to the anisotropic strength properties of
wood and its fibre direction. Maximizing the strength of a
glulam element therefore can be equated to perfectly tai
loring its blank to the form of the final designed element.
With regard to waste, the closer the form of the blank is
to the final form of the element, the less waste arises from
the final machining process, however the total amount of
waste must also include the intermediate processing steps
of planing and dimensioning the laminations, something
which drives the bulk of the postsawmill waste in the
manufacture of highlycurved glulam elements. The trade
off  between manufacturing expediency, waste, and struc
tural efficiency  becomes apparent.

Glulam blanks are therefore categorized into straight,

singlecurved  or planar  and doublecurved blanks.
These categories reflect the types of pressing infrastruc
tures required for their manufacture, with their accompa
nying production complexities. For example, the man
ufacture of straight blanks is largely automated, while
doublecurved blanks require much more manual labour.

Figure 2: Single and doublecurved glulam blanks.

A CONSTRAINED GLULAM BLANK
MODEL

The central focus of GluLamb is a constrained glu
lam blank model. The established methods for producing
the three glulam blank types reveal key geometric con
straints that can be described using a lightweight gener
ative model. This allows a distinction between straight,
singlecurved, and doublecurved glulams using only cen
treline curves and dimensional data as inputs.

Figure 3: The class diagram of the Glulam element.

The formulation of this model takes advantage of the
most fundamental process in industrial timber manufactur
ing: the sawing of logs into longitudinal timber members
with rectangular crosssections. Given that the geometries
of the material inputs in the glulam manufacturing process
are rectangular prisms that are stacked in single or multiple
columns, some basic assumptions about the digital model
can be drawn. As an aggregate of these rectangular cross
sections, a glulam crosssection can be thus conceptual
ized as a rectangular matrix, whose overall crosssection
is also rectangular. The geometric boundary of the whole
glulam can therefore be described simply as an extrusion

of this crosssection along the glulam centreline, which is
straight or curvilinear.

The rotation of the crosssection around the centreline
axis then presents a degree of freedom that must be pinned
down. An abstract CrossSectionOrientation class is
therefore defined to allow different types of control over
the crosssection orientation.

Finally, the specification of lamination thicknesses and
the overall section size as a sum of these thicknesses and
number of laminations is provided by a GlulamData class.

Linking these aspects together, GluLamb there
fore implements an abstract Beam base class which
holds information only about the centreline curve of
an element and the orientation of its crosssection
along it. From this, a Glulam class is derived,
adding in glulamspecific data, which is extended
into subclasses corresponding to the three main blank
types: StraightGlulam, SingleCurvedGlulam, and
DoubleCurvedGlulam (Fig. 3).

Figure 4: The basic steps for describing a freeform glulam
element: defining the centreline curve, defining crosssection

orientations, defining the crosssection dimensions.

Figure 5: The inputs required to create a Glulam element.

This establishes the three main components of the
model: the centreline curve, the orientation of the cross
section, and the material specification of the crosssection
(Fig. 5).

The centreline curve
The type of glulam blank  straight, singlecurved, or

doublecurved  is directly related to the type of centre
line curve that is used to drive it. A straight curve  a
line  describes a straight glulam, with the caveat that its
crosssection orientation remains constant. A planar curve
describes a singlecurved glulam, with the caveat that its
crosssection orientation is aligned with its plane of curva
ture; and a nonplanar  or freeform  curve corresponds
to a doublecurved glulam. Since the processes of manu
facturing the different types of blanks differ greatly in cost
and complexity, a simple categorization of the glulam cen
trelines can already reveal impacts in fabrication later on
and inform the required manufacturing capabilities.

The generation of the glulam blank model uses this
simple distinction. Given the centreline curve used to
drive the blank model, a factory method returns the appro
priate subclass that would best describe it. This permits an
analysis of a set of input curves to determine what type of

Page 375 of 438



blank they represent, and also lets common parameters to
be shared between all glulam blank types, while allowing
specific functions to be specialized or additional parame
ters to be added.

The crosssection orientation
Since the crosssection is assumed to always be per

pendicular to the centreline curve tangent, only a single
additional direction vector is needed to fully describe an
orthotropic frame of reference at any point along the glu
lam blank. For describing straight blanks, a single vector
is required to orient the crosssection around the centre
line. Singlecurved blanks similarly have a constant cross
section orientation, where the direction of the major cross
section axis lies on the plane of curvature. Doublecurved
blanks are less constricted in their crosssection orienta
tion. Furthermore, varying the crosssection orientation of
straight and singlecurved blanks can describe more com
plex blanks that introduce torsion or an angled section.
To accommodate these different rules for crosssection
alignment, GluLamb implements several subclasses of the
CrossSectionOrientation base class that provide in
terfaces for different orientations:

• VectorOrientation attempts to always align the
crosssection to a single, userdefined vector, or as
close as possible while staying perpendicular to the
centreline tangent.

• VectorListOrientation uses a list of user
defined direction vectors and curve parameters to
distribute multiple orientations along the centreline
curve.

• SurfaceOrientation holds a reference to a user
defined surface and attempts to always align the
crosssection to its closest normal vector.

• RailCurveOrientation holds a reference to a user
defined curve and attempts to always align the cross
section to its closest point.

• PlanarOrientation attempts to always align the
crosssection to a userdefined plane.

• RmfOrientation uses the rotationminimizing
frame of the centreline curve to orient the cross
section.

An interesting product of the combination of the cen
treline curve and the crosssection orientation is a curvi
linear glulam coordinate system: by considering the cross
section axes as the X and Yaxes, and the centreline curve
as the Zaxis, it becomes possible to map coordinates
relative to the laminations as they are bent and twisted
throughout the glulam.

Curvature and lamella thickness
The final component of the blank model is the material

specification, which is primarily driven by the relationship
between the maximum curvature of the blank and its lam
ination thicknesses. The minimum allowable radii of cur
vature of a particular thickness of timber are defined in 
and differ between  regional standards. These ratios are
defined to ensure that laminations of a particular thickness

can be safely bent to the corresponding curvature with
out breaking. For example, the maximum allowable thick
ness defined in EN 14080:2013 (2013) for a lamination is
1/200th of the minimum radius of its curvature; in ANSI
1172020 (2020) it is 1/100th or 1/125th, depending on
the wood species.

The maximum lamella thickness in a freeform blank
can therefore be found by first finding the largest curvature
vector of its centreline curve, projecting it onto the X and
Yaxes of the crosssection at that point, and thereby find
ing the radii of curvature in both dimensions. By adjusting
these radii by the halfwidth or halfheight dimensions of
the crosssection, the radii of curvature of the inner faces
of the glulam can be found.

Figure 6: The lamella thickness changes according to the
maximum curvature of the centreline curve, following the ratio

between radius of curvature and thickness specified in the
appropriate standard.

GluLamb uses this relationship between glulam curva
ture and its lamella sizes in two ways: for estimating a
material specification for a glulam blank and for analyz
ing an existing glulam blank for compliance with this rela
tionship. This means that, by simply adjusting the centre
line curve, appropriate lamination thicknesses can be esti
mated: thicker where the curvature is low, thinner where
it is higher (Fig. 6).

An additional LamellaFactory base class provides
functions for constraining the lamination thicknesses to,
for example, a list of userdefined available thicknesses,
as well as minimum and maximum thicknesses.

Analyzing material orientation
In the case where the same designed beam element

is machined out of two different kinds of glulam blanks,
methods are needed to differentiate the two results as well
as to provide important information about the integrity of
the fibre direction. GluLamb offers two analysis methods
that reveal fibre direction and deviation in the final ele
ment.

The first method simply encodes the longitudinal ma
terial direction vector of the glulam blank as a colour
and maps it onto the final beam geometry, in a technique
very similar to normal mapping in computer graphics.
This allows a qualitative evaluation and differentiation be
tween element geometries that are machined out of straight
blanks  a constant fibre direction and therefore a constant
colour  and ones that are machined out of curved blanks 
a changing fibre direction; a changing colour.

The second method encodes the deviation of the sur
face normal of the final element geometry from the fibre
direction of the blank. This yields important information
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GluLamb uses this relationship between glulam curva
ture and its lamella sizes in two ways: for estimating a
material specification for a glulam blank and for analyz
ing an existing glulam blank for compliance with this rela
tionship. This means that, by simply adjusting the centre
line curve, appropriate lamination thicknesses can be esti
mated: thicker where the curvature is low, thinner where
it is higher (Fig. 6).

An additional LamellaFactory base class provides
functions for constraining the lamination thicknesses to,
for example, a list of userdefined available thicknesses,
as well as minimum and maximum thicknesses.

Analyzing material orientation
In the case where the same designed beam element

is machined out of two different kinds of glulam blanks,
methods are needed to differentiate the two results as well
as to provide important information about the integrity of
the fibre direction. GluLamb offers two analysis methods
that reveal fibre direction and deviation in the final ele
ment.

The first method simply encodes the longitudinal ma
terial direction vector of the glulam blank as a colour
and maps it onto the final beam geometry, in a technique
very similar to normal mapping in computer graphics.
This allows a qualitative evaluation and differentiation be
tween element geometries that are machined out of straight
blanks  a constant fibre direction and therefore a constant
colour  and ones that are machined out of curved blanks 
a changing fibre direction; a changing colour.

The second method encodes the deviation of the sur
face normal of the final element geometry from the fibre
direction of the blank. This yields important information

about the degree to which the wood fibres are cut: if the
two vectors are perpendicular, then the fibre direction is
parallel to the surface, meaning that the longitudinal ma
terial direction is precisely aligned with the beam bound
ary; if they are parallel, then the surface is cutting across
the wood fibres, resulting in a severe decrease in structural
integrity and a loss of durability due to the end grain ex
posure.

These mappings of fibre direction and deviation there
fore provide qualitative feedback to the user about the im
plications of the blank choice for a particular beam ele
ment.

Figure 7: Representation of fibre direction using color (top)
and identification of fibrecutting areas (bottom).

Connections and graphs
To accommodate not only individual elements but their

assemblies, GluLamb implements an interface for defin
ing connections between glulam elements and an over
all Structure class that contains these. The Structure
class contains a list of Element objects  each of which
holds a reference to a Beam object  and a list of
Connection objects  each of which holds a reference to
two Element objects with additional metadata and a lo
cal coordinate system. The coordinate system is used as a
handle to help orient the connection geometry or define
connectionspecific axes. From the Connection class,
subclasses are derived for specific connection types.

This effectively creates a connectivity graph (Fig. 8)
comprising the total assembly of all connected elements.
This is method of managing collections of elements and
their interconnections provides an overview of the total
scope of the design project and its overall material com
plexity.

This is particularly useful for developing parametric
connections that depend on the relative orientations and
angles of connected elements, since each connection has
access to the geometry and material specification of the
elements. Containing all of these within an overarching
Structure object allows higherlevel storage of metadata
as well as functions that consider the assembly as a whole.

In this way, GluLamb moves from the scale of mate
rial and fabrication to the scale of whole assemblies and
structures. Integrating this structure scale into early de
sign stages helps give a fast indication of element inter
dependencies, potentially informing future steps such as
fabrication sequencing and assembly planning.

RB_07_01

RB_03_01

Figure 8: A connectivity graph defined through connections
between elements.

CASE STUDIES AND APPLICATIONS
Three different contexts demonstrate the applicability

and versatility of GluLamb.

RawLam
RawLam is a research project that investigates how

connecting technological developments in forestry and
sawmilling with design simulation through digital inter
faces allows a more thorough usage of wood in engineered
timber construction (Tamke et al. 2021). It involves the
design and fabrication of a simple glulam assembly  a
threelegged prototype, composed of laminations chosen
individually through a heuristic that matches a simulated
performance demand with inferred material quality in a
CTscanned log. Here GluLamb is used to compose and
adjust the design object as three SingleCurvedGlulam
objects for the legs. Since the design is driven by a rough
range of lamination thicknesses that can be worked with,
the model geometry is adjusted until this range is reached,
ensuring that the planarity of the centreline curves is main
tained. The overall geometry of the assembly is generated
by GluLamb and discretized into tetrahedral elements for
interfacing with the finiteelement analysis (FEA) package
ABAQUS (Smith 2009). The structural simulation results
from ABAQUS are overlaid onto the design model and,
by querying points within the model, the relevant areas of
the simulation results are mapped onto the individual lam
inations by using the curved glulam coordinate system of
the GluLamb model. GluLamb is then used to generate
the geometry of each individual lamination with its sim
ulated performance demands for finding its ideal position
in the CTscan dataset using a multiobjective optimization
method. The laminations are then cut out of the specific
parts of the log material that corresponds to their position
in the CTscan dataset.

In such a way, GluLamb can act as a laminationlevel
interface between fast design geometry, FE simulation,
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Figure 9: The mapping of performance demands and
CTscanned material properties using GluLamb (Tamke et al.

2021).

and fabrication.

Magelungen Park Bridge
The Magelungen Park Bridge tests the development of

GluLamb within a practice context to evaluate its applica
bility to agile earlystage design processes. Introduced at
the conceptual phase of the project, GluLamb is used to
help build a case for constructing the bridge out of tim
ber. The fast, centrelinebased modelling of the glulam
blanks allows quick iterations of various proposals to be
developed with an eye to issues of fabrication and dura
bility. Durability is assessed on the basis of the amount of
exposed endgrain using the fibrecutting analysis visual
ization method.

Figure 10: The Magelungen Park Bridge project.

Since the design model of the bridge is composed of
a curvilinear hulllike lattice of elements, a major por
tion of the driving centrelines are nonplanar, and there
fore are interpreted as being doublecurved glulam ele
ments. A rationalization process is therefore explored to
try to minimize the amount of double and singlecurved
elements. For doublecurved elements, centreline curves
are compared to their planeofbestfit, and those that lie
completely within a certain tolerance distance of the plane
are projected onto the plane, thereby becoming planar,
singlecurved elements. Similarly, the centreline curves of
singlecurved elements are compared to their lineofbest
fit, and those that lie entirely within a distance threshold
are converted to straight lines, thereby becoming straight
elements. The new elements define the glulam blanks that
the original elements would be machined out of, and there
fore need to be expanded to ensure that the original double
and singlecurved elements fit entirely within the glulam
blank volumes. Comparing the difference in volume be

tween the original elements and the glulam blanks, an in
crease in material volume is calculated. The cost factor
of the original elements is compared to the cost factor of
the blanks  the straight, single, and doublecurved blanks
having factors of 1.0, 5.0, and 15.0, respectively  and the
material volumes multiplied accordingly. For a number
of different distance thresholds, this rationalization yields
significant nominal material cost savings, not to mention
the possibility of eliminating doublecurved glulam blanks
entirely, thus lowering the required fabrication complexity
(Svilans, Runberger, and Strehlke 2020).

Figure 11: The rationalization process, showing the decrease in
double (red) and singlecurved (yellow) glulam blanks as the

distance threshold is increased (Svilans, Runberger, and
Strehlke 2020).

Since the blanks now describe wood fibre directions
that do not completely align with the design elements, the
fibrecutting angle analysis can be further used to inform
the consequences of this rationalization for the element
strength and durability. This demonstrates how GluLamb
can be used at early design stages to negotiate feasibility
through changes in the type of glulam blank that is used
for a curved timber element, without affecting the design
geometry itself.

Although the project remains in a schematic stage,
the embedding of glulam fabrication and material princi
ples into the design process accelerates discussions with
consultants and engineers regarding the feasibility of the
bridge, and helps to support the case for building it out of
engineered timber.

MBridge Demonstrator
The design of the MBridge Demonstrator is derived

from the Magelungen Park Bridge and represents an effort
to implement a designtofabrication workflow that capi
talizes on the material and fabricationled tools in Glu
Lamb. The Demonstrator extracts a portion of the bridge
and focuses on the resolution of interconnected double
curved glulam elements. As a test of GluLamb, it evalu
ates whether or not such a complex structure can be suc
cessfully realized within the constraints of the available
fabrication environment (Fig. 12).

Since the fabrication cannot make use of double
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Since the blanks now describe wood fibre directions
that do not completely align with the design elements, the
fibrecutting angle analysis can be further used to inform
the consequences of this rationalization for the element
strength and durability. This demonstrates how GluLamb
can be used at early design stages to negotiate feasibility
through changes in the type of glulam blank that is used
for a curved timber element, without affecting the design
geometry itself.

Although the project remains in a schematic stage,
the embedding of glulam fabrication and material princi
ples into the design process accelerates discussions with
consultants and engineers regarding the feasibility of the
bridge, and helps to support the case for building it out of
engineered timber.

MBridge Demonstrator
The design of the MBridge Demonstrator is derived

from the Magelungen Park Bridge and represents an effort
to implement a designtofabrication workflow that capi
talizes on the material and fabricationled tools in Glu
Lamb. The Demonstrator extracts a portion of the bridge
and focuses on the resolution of interconnected double
curved glulam elements. As a test of GluLamb, it evalu
ates whether or not such a complex structure can be suc
cessfully realized within the constraints of the available
fabrication environment (Fig. 12).

Since the fabrication cannot make use of double

Figure 12: The MBridge Demonstrator with overlaid GluLamb
data.

curved glulam presses or heavy infrastructure, the blanks
are rationalized in the same way as in the Magelungen
Park Bridge so that they are all singlecurved and thus
much easier to fabricate with the limited means available.
GluLamb provides the necessary thicknesses of lamination
which are used to adjust the overall design geometry until
a feasible option is found (Fig. 13).

Figure 13: GluLamb is used to rationalize and verify the
material specification of its elements, and to generate

machining features for joints.

The design is organized as a Structure, facilitat
ing the parametric generation of crossing lap joints and
endtoend lap joints  which use the data provided by
Connection objects and their related Element objects to
inform their specific geometries. In this case, the connec
tivity helps to sequence the elements for fabrication and,
as fabrication begins, allows later joint geometries to still
be adjusted by ensuring they do not depend on parts being
currently manufactured.

Using the material specifications provided by Glu
Lamb, material is ordered and resawn to the required lam
ination thicknesses for each element. The modelled blank
geometries are used to position formwork for the lamina
tion of the singlecurved blanks. Using the structured ge
ometry given by the Connection objects, toolpath strate
gies are defined parametrically and adaptively for each

joint, preventing the need for programming each part in
CAM software. The final glulam elements are machined
with a 5axis CNC machining centre and assembled with
steel bolts (Fig. 14).

Overall, the ability to control the design with simple in
puts  centreline curves and some geometry for orienting
the crosssections  while delegating the generation of ge
ometry and fabrication information to GluLamb  greatly
facilitates changes and adjustments throughout the pro
cess. This demonstrates the ability of GluLamb to fit into
a streamlined designtofabrication workflow and remove
some of the risk for modelling error and inappropriate ma
terial specifications.

Figure 14: The finished MBridge Demonstrator.

CONCLUSIONS AND OUTLOOK
This paper formalizes an effort to embed a glulam

materiality in digital design modelling tools through the
toolkit GluLamb and its constrained glulam model. The
three case studies demonstrate its use as an interface for
design performance simulation and FEA in a research con
text; as a tool for evaluating earlystage design iterations
in a practice setting; and as the basis of flexible designto
fabrication workflows for glulam structures.

In terms of fabrication, while it does not offer a fully
defined language for describing machining operations, the
extendable classes for defining connections encourage the
reuse of adaptive fabrication geometries  across each
model as well as across projects  so that they do not have
to be scripted or processed in CAM software individually.
The most important benefit of GluLamb, however, is its
ability to integrate material and fabrication concerns into
a design workflow and to highlight aspects of an early de
sign that might pose problems later on. This focus on a
breadth of integration and information transfer also high
lights its role as an interface between more specialized
tools and processes.

Further work aims to explore this interface in more de
tail and how GluLamb can be made more robust and adapt
able to a wider range of design and fabrication scenarios,
as well as a more detailed set of integrated material param
eters. The ultimate goal is to find ways of systematizing
more key aspects of freeform glulam design and produc
tion, so that the design space of freeform timber structures
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can be explored more agilely, productively, and imagina
tively.
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ABSTRACT 

The concept of a Digital Twin [DT] has been gaining 
increasing attention in the realm of urban planning and 
city infrastructure management. In support of this 
movement, DT advocates have been consistently casting 
light on the possible DT use cases to better manifest its 
potential and the enormous value it promises to unlock. 
However, these attempts are arguably limited by the lack 
of a formal and standard DT use cases classification 
framework. Hence, this paper puts forward a multi-
dimensional DT use cases classification framework, 
based on published key DT case studies and a framework 
development methodology, to address this limitation. It 
concludes with insights on further possible implications 
of, and enhancements to this framework. 

INTRODUCTION 

Al-Sehrawy and Kumar (2021, p.926) described a DT 
as “the concept of connecting a physical system to its 

virtual representation via bidirectional communication 
(with or without human in the loop)… [allowing] for 

exploitation of Artificial Intelligence and Big Data 
Analytics… to unlock value”. Accordingly, in a broader 

sense, a DT for urban planners and city infrastructure 
managers is primarily concerned with leveraging urban 
data to support decision making with the aid of new 
generation IT tools. 

As the idea of DT strives for wider adoption to support 
decision making in urban environments, many DT 
researchers and practitoners are interested in enumerating 
and grouping the so-far known DT use cases (Brilakis et 
al. 2019;  IET, 2019) in an attempt to demonstrate the 
value of DT and highlight its potential in cutting through 
a diverse range of fields across the realms of urban 
planning and city infrastructure management. However, 
such endeavors have been largely ad-hoc with no clear 
framework or a-priori set of standard criteria to aid in the 
process of categorizing or classifying these use cases. 
Besides, this problem will get more severe once DT 
implementation proliferates giving rise to new use cases; 
thus, ending up with more available use cases begging for 
some sort of formal standard classification. 

This paper proposes a standard multi-dimensional 
classification framework of DT use cases, taking into 

account key features or aspects that may distinguish one 
use case from another. This framework provides means 
for classifying any DT use case via a multi-dimensional 
classification system. The value of this calssification 
framework is twofold. On one hand, it can help DT 
owners to better define, refine and clarify any proposed 
DT use case at the outset of a project based on a set of 
standard criteria that acts as a common language amongst 
stakeholders to avoid ambiguity. One the other hand, it 
can also enhance the DT practitioners’ ability to 

consistently relate, draw parallels or compare between 
different DT use cases based on the same classification 
criteria and DT key features. The following three sections 
explain the methodology adopted in developing the 
framework; provide a detailed account of the framework 
and each of its dimensions; and finally conclude the study. 

METHODOLOGY 

A framework development methodology of three 
stages is adopted to develop the DT use cases 
classification framework (McMeekin et al., 2020), viz. (a) 
Data Extraction: A total of 580 studies were found after 
searching online databases using a combination of a set of 
keywords, including City; Urban; Infrastrcture; Digital 
Twin, Smart City, Big data; Data-driven; and Planning. 
First, Studies retrieved were eligible for inclusion if found 
to satisfy the following a-priori set criteria: (i) they are in 
the English language; (ii) published from 2017 onwards; 
and (iii) including either an empirical case study 
demonstrating a DT in action, or a methodological 
approach proposing how a DT can be built or a DT use 
case is classified or realized. Titles and abstracts or the 
introductions of returned documents were screened to 
identify those deemed potentially eligible and those which 
can be immediately excluded based on our definition of 
DT. Duplicates and full-text dissertations were removed. 
(b) Synthesis: involved qualitative content analysis of 89 
potential studies retrieved from literature to identify key 
characteristics of DTs built. (c) Development: identified 
features are grouped and aggregated into fundamental 
standard dimensions constituting the DT use case 
classification framework as one integral whole. Stages (b) 
and (c) were conducted in an evolving iterative manner. 
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DT USE CASES CLASSIFICATION 

FRAMEWORK 

Framework structure 

Figure 01 illustrates the DT General Use Case [GUC] 
multi-dimensional classification framework, comprising 
at the center the purpose of the particular GUC of interest, 
ideally and plainly articulated in the form of a ‘verb’ 

followed by a ‘noun’ (e.g. optimize traffic), surrounded 
by seven distinct dimensions representing the various 
features based on which different GUCs can be 
distinguished and classified. As this section proceeds, we 
shall further elaborate on each of the seven dimensions 
and how each dimension is capable of classifying the DT 
GUC at focus from a unique perspective in terms of an 
inherited set of criteria.  

D1:  Application area 

Though still in its nascency for urban planning and 
city infrastructure management, DT has courageously cut 
through a diverse range of applications targeting purposes 
that are worlds apart in terms of scope. Below is an 
overview of each area of scope, including exemplars  
drawn from reviewed literature demonstrating ways of 
how DT tackled each of them. 

(1) Futures planning: concerned with long-term 
planning, futures studies and strategic forethought. In 
such manner, Anejionu et al. (2019) deployed a DT to 
identify urban areas of low livability in order to inform 
the planning for future infrastructure development works. 
Kourtit and Nijkamp (2018) generated urban performance 
indicators to support strategic decision making. Pettit et 
al. (2018) developed a DT to help in the allocation of 
residential land in 2051. Nochta el al. (2020) created a city 
DT to plan for the expected patterns of private car use in 
2031 to ensure sustainable growth. 

(2) Asset management: The scope of work here is 
more about operating assets and maintaining proper level 
of service. To this end, Nallaperuma et al. (2019) 
integrated heterogenous datasets to differentiate recurrent 
from non-recurrent traffic incidents and simultaneously 
forecast traffic flow and optimize operation and control 
decisions. Similarly, Witteborg (2021) explicated how 
DT may support the smart operation of complex 
wastewater facilities. 

(3) Risk and Resilience management: DTs have 
shown a capability to support managing risks in 
infrastructure domain and help enhance assurance for 
urban environment. White el al. (2021) used a DT to 
simulate floods, while Bartos and Kerkez (2020) modeled 
the urban stormwater network in real-time. Likewise, 
Wang et al. (2020) exploited the smart rail card ticket data 
to help protect the safety of urban public transportation. 
Another study used computer vision to anticipate the risk 
of heat stress on pedestrians (Mavrokapnidis et al., 2021). 

(4) Crisis management: A DT can aid decision making 
at times of catastrophes and natural disasters. In the study 
carried out by White el al. (2021), a DT is used to help 
identify safest routes and locations for citizens and show 
those which are mostly affected during flooding. 
Moreover, citizens themselves can use user-tagging 
indicating whether they are in need of assistance, thus 
enabling the DT to identify the most vulnerable locations 
during the disaster. Lwin et al. (2018) proposed an hourly 
updated DT showing traffic flow magnitude (i.e. 
population) and direction in order to enhance emergency 
preparedness. Yabe and Ukkusuri (2019) worked on 
predicting the returning behavior of evacuees during post-
disaster periods. The DT of Pang et al. DT (2020) informs 
city crisis management decision making amid the spread 
of a pandemic, that is, Covid-19. 

Figure 1: 7-Dimensional DT use case classification framework 
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(5) User and Demand management: DTs are capable of 
managing the users’ behaviors and their usage patterns. 

Leleux and Webster (2018) presented a smart solution in 
the form of a gamified engagement platform to offer 
access to energy information and encourage citizens to 
alter their energy consumption behavior. Other DT 
initiatives and studies aimed to change the citizens’ 

lifestyle, travel behavior and their choices of 
transportation means (Connecting Bristol, 2021; Kirdar & 
Ardiç, 2020). In a similar but indirect way, Balletto et al. 
(2021) attempt to influence public behavior by better 
utilizing the city’s abandoned assets in order to promote 

walkability as a viable healthy choice, while Orellana and 
Guerrero (2019) used crowdsourced urban data to better 
understand the influence of street networks’ spatial 

configuration on the behavioral patterns of cyclists. 
(6) Environmental and Carbon management: A DT 

promises a variety of solutions when it comes to meeting 
environmental and carbon targets. Honarvar and Sami 
(2019) integrated heterogeneous sets of urban data to 
predict air pollution, mainly with respect to road network 
traffic dynamics. Another study worked on monitoring 
and benchmarking the energy consumption of city 
buildings in real-time which would certainly help realize 
better environmental performance (Francisco et al., 
2020). 

(7) Waste management: At a different level, DTs offer 
novel approaches to waste management. Several studies 
have exploited new technologies such as IoT and 
computer vision to monitor the level of waste in garbage 
cans, aka smart bins, which can then notify the relevant 
teams when waste should be collected, and possibly 
suggest optimum driving routes to be followed during the 
process of waste collection from a myriad of bins across 
the city (Rao et al., 2020; Aktemur et al., 2020; Jadli & 
Hain, 2020). 
(8) Resource management: This involves identifying the 
best use of available scarce resources, whether monetary 
or physical, to realize greatest value. Questions relevant 
to this area of management can be the sort of questions 
McHugh and Thakuriah (2018, p.4) raised, like: e.g. 
where would new infrastructure or transportation service 
investment deliver greatest benefits? Where is there 
evidence of dissatisfaction with existing services and 
resources?”. Pertinent use cases may include exploiting 
DTs to manage human waste, such as sludge used in 
generating energy. Another possible example is a DT of 
wind farms, capturing data sensed from wind turbines, 
analyzed with facts about landscape and current wind to 
optimize configuration of wind turbines to attain higher 
levels of energy production (GE Renewable Energy, 
2021). IET et al. (2019) referred to the value of DT ‘what-
if’ scenario simulations in supporting more sustainable 

natural resource allocation. 
(9) Asset registration: DT’s ability of capturing 

physical reality is best demonstrated in the idea of asset 
registration. An exemplar is the ‘National Underground 

Asset Register’ project led by the Geospatial Commission 

in UK. It aims to better map the underground 
infrastructure assets to deliver strike-less construction and 
safe working environment. So far, two pilot projects were 
undertaken; one in London and another in the north east 
of England (Brammall & Kessler, 2020). 

D2: Federation 

A DT use case can basically target an individual 
infrastructure asset, a whole infrastructure system 
comprising multiple assets and networks; or ultimately an 
integrated system of systems [SoS] where 
interdependencies between these infrastructure systems – 
which have been conventionally seen as independent – be 
them geospatial, cyber, physical and logical 
interdependencies (Whyte et al., 2019) – are taken into 
consideration (ISO, 2018). In the first case, several studies 
captured infrastructure sub-systems, like basins as a part 
of the stormwater network (Bartos & Kerkez, 2020); 
pedestrian routes, road or rail networks as components of 
the transportation system (Mavrokapnidis et al., 2021; 
Honarvar & Sami, 2019; Wang et al., 2020; 
Barmpounakis & Geroliminis, 2020; Nallaperuma et al., 
2019); or energy consumption of buildings as an element 
of those connected to the energy grid. In the second case 
involving full infrastructure systems, Kourtit and 
Nijkamp (2018) and Anejionu et al. (2019) considered all 
means of transportation in developing their DTs. Other 
projects involved multiple distinct infrastructure systems 
in one DT (Castelli et al., 2019). It is important to 
highlight though, that the idea of a SoS isn’t a utopian 

dream, but rather a mere mindset – a systemic way of 
thinking that can cross the organizational boundaries and 
dissolve the infrastructure sectoral silos. For instance, it 
was practically adequate for Aktemur et al. (2020) and 
Jadli and Hain (2020) to consider the functional 
interdependency between elements of the waste network 
(i.e. smart bins) and their location with respect to road 
network in order to identify the best travel route for waste 
collection. A recent study by the Centre for Digital Built 
Britain [CDBB] demonstrates an interesting attempt in 
using a DT to generate new insights concerned with 
identifying, prioritizing, and managing infrastructure SoS 
relationships and interdependencies (Whyte et al., 2019). 

D3: Layering 

An important characteristic of many DT use cases is 
the diffusion across different city layers. The fact that 
most smart city research and urban DTs are 
interdisciplinary, involving interdependent urban data and 
models (Ma et al., 2019), reflects the reality of multiple 
layers inherited in the fabric of cities and urban 
environment. Many researchers attempted to disentangle 
these city layers; White el al. (2021) recognized the four 
levels of terrain, buildings, infrastructure and mobility, 
whilst Ibrahim et al. (2020) identified five layers 
including built environment, humans’ interactions, 

transportation and traffic, infrastructure and natural 
environment.   
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Similarly, Ma et al. (2019) named five different city 
domains: transportation, energy, emergency and public 
safety, social sensing and natural environment. In a review 
of urban planning needs and urban sensing technologies, 
Cunningham and Verbraeck (2018) spotted three general 
conceptual perspectives of the city, including physical and 
infrastructural, natural resources and political economy. 
Hence, here we take account of four distinctive city layers: 
Infrastructure; Built Environment, Socio-economic 
Environment; and Natural Environment. 

Depending on the purpose of a use case, in less 
common cases, a DT may need not involve more than one 
city layer, similar to how Rao et al. (2020) and Aktemur et 
al. (2020) were only concerned with infrastructure layer 
only. Yet, more frequently a DT may penetrate through 
multiple relevant city layers. Bartos and Kerkez (2020) 
included infrastructure along with natural environment, 
while others considered the interactions between 
infrastructure and socio-economic layers (Jadli & Hain, 
2020; Wang et al., 2020; Barmpounakis & Geroliminis, 
2020; Nallaperuma et al., 2019). Some authors 
alternatively involved varying combinations of three city 
layers while delivering DT purposes (Anejionu et al., 
2019; Honarvar & Sami, 2019; Kourtit & Nijkamp, 2018; 
Francisco et al., 2020; Mavrokapnidis et al., 2021; 
Barkham et al., 2018; Mayaud et al., 2019), while others 
included all four as required within some other 
applications (Pettit et al., 2018; Yabe & Ukkusuri, 2019). 

D4: Spatial scale & resolution 

In pursuit of pre-defined GUC and a-priori DT main 
purpose, a DT may deliver an output that varies in terms 
of the spatial scale – commensurate with spatial coverage 
– and resolution (Gardner & Hespanhol, 2018; 
Kontokosta, 2018).These can be at a national, city, 
neighborhood or individual levels. Two points should be 
clarified here, though. First, it is important to distinguish 
between scale and resolution. For instance, Anejionu et al. 
(2019) developed a DT that spatially covered the UK (i.e. 
Nation scale) but supported visualization of livability 
indicators at a finer, neighbourhood resolution. Second, 
the finest level, Individual, does not necessarily mean 
individual human beings, but could be any individual 
element within a neighborhood. An individual constituent 
part of the neighborhood can be a building, an 
infrastructural unit, a natural entity, a point of location, a 
user…etc. The notion of an ‘Individual’ element here is 

akin to that of an ‘Intelligent Planning Unit’ [IPU] as 

described by Hastak and Koo (2017, p.3) to be a “well-
defined planning unit that can be initiated to achieve any 
specific purpose”. 

Few DTs focus only at a neighborhood scale with a 
neighborhood resolution as well (Panagoulia, 2017). For 
example, Mavrokapnidis et al. (2021) developed a DT 
bounded to a specific district to predict the heat exposure 
on citizens within this district. Nonetheless, various DTs 
have spatially incorporated full cities, albeit with different 
levels of resolution. For example, Kourtit and Nijkamp 

(2018) at best provided no finer resolution than aggregate 
urban Key Performance Indicators [KPIs] of the whole 
city, while Honarvar and Sami (2019) tackled the issue of 
air quality at every neighborhood within the city. Mayaud 
et al. (2019) assessed the accessibility of different 
neighborhoods to health care facilities across the city; thus, 
producing a city-scale DT at a neighborhood resolution. 
Other high-resolution DTs have captured even finer details 
than city’s neighborhoods. For instance, Barmpounakis 
and Geroliminis (2020) and Nallaperuma et al. (2019) 
produced comprehensive information with details about 
individual vehicles. Some studies introduced DTs to 
provide information about every single smart bin across 
the city (Rao et al., 2020; Aktemur et al., 2020; Jadli & 
Hain, 2020), while others have rather captured city 
buildings separately (Francisco et al., 2020) and individual 
50m x 50m grids (Kim, 2020). When it comes to national 
scale, Pang et al. (2020) worked on integrating city DTs 
across the nation to support better prediction of pandemic 
infection spreading patterns. One of the best DTs under 
development at a national scale is the UK’s National 

Digital Twin [NDT] currently pursued by CDBB.  

D5: Temporality & resolution 

Analogous to spatial scale and resolution, the 
dynamism or the temporality of DT output, as well as its 
temporal resolution, may both change from a use case to 
another so as to be fit for purpose (Li et al., 2018). It is 
crucial to differentiate between three types of DTs with 
respect to temporality. First are the DTs generating a static 
output based on input that includes no temporal 
information (e.g. underground asset register). Second are 
the DTs fed by a chunk of spatiotemporal data, generating 
an output of a dynamic behavior, like 4D and 5D 
simulations, yet based on real-world data rather than mere 
theoretical estimations or assumptions (Al-Sehrawy et al., 
2019). Notwithstanding its dynamic output, this form of a 
DT is deemed to be offline – lacking live connection with 
the twinned real physical system and thus, exposed to 
being outdated by a continuously changing reality if not 
manually updated on regular basis or whenever deemed 
necessary. Hence, it can be argued that this type of ‘offline 

dynamic’ DTs are only more adequate when twinning 

slowly evolving systems, such as city spatial 
configurations which may take decades to exhibit 
significant changes worth of capturing to feed the DT with. 
An example is the DT computing urban performance 
indices and KPIs based on datasets collected from 2012 to 
2016 (Kourtit & Nijkamp, 2018). Similarly, Wang et al. 
(2020) inferred patterns of railway passengers flow from 
smart card ticket data containing data of passengers 
entering and exiting stations in 2017. On the contrary, 
some other real-world systems are naturally in a relentless, 
rapid and unanticipated change. These kind of systems 
though, are rather more adequately twinned using our third 
type of DTs – the type of DTs viewed by the DT maturity 
spectrum developed by IET (2019) as a relatively more 
mature type of DTs, which we shall call here: ‘online 
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dynamic’ DT. This type is tied-up in an enduring 
connection with the twinned real entity and constantly 
receiving up-to-date influx of data; thus, can never go 
obsolete as long as this live digital thread persists. To 
illustrate, Francisco et al. (2020) relied on IoT technology 
and smart meters to monitor the energy consumption of 
buildings in real-time (Rao et al., 2020; Aktemur et al., 
2020; Jadli & Hain, 2020; Nallaperuma et al., 2019). 

Dynamic DTs, whether online or offline, must 
demonstrate a level of temporal resolution, indicating the 
temporal steps or increments by which the DT output 
changes. Pertaining to temporal resolution, authors have 
tried to set some sort of objective levels. For instance, 
Kontokosta (2018) identified four distinct levels of 
temporal resolutions (i.e. real-time; daily; annual; and 
decennial), while acknowledging that the DT output may 
eventually lie anywhere in between these thresholds. 
Moreover, it is worth stating that the notion of real-time is 
a flexible one (Wan, Yang & Parlikad, 2019). Whereas 
only the objective in mind driving our intentions to build a 
DT is responsible for defining the temporal resolution or 
the frequency by which data generated from a physical 
system gets transferred to its virtual counterpart. In that 
sense, the concept of ‘real-time’ might quite largely 

overlap, if not match, with that of ‘right-time’. As a result, 
we shall advocate an explicit flexibility in the 
classification of temporal resolution and set the criteria for 
measuring the temporal resolution of DTs to be: Unit of 
Time [UoT].  

D6: Lifecycle Stage 

Indeed, the output of a DT use case can inform more 
than a one lifecycle phase of the same asset, and perhaps, 
as Al-Sehrawy and Kumar (2021) recommend, a vertically 
integrated DT can dissolve the asset lifecycle phases in a 
circular manner. Nonetheless, one can argue that vast 
majority of DT use cases can be seen as primarily targeting 
a specific lifecycle phase in mind even if other phases find 
the same generated output beneficial. 

Drawing on the different lifecycle phases (i.e.: 
Initiation; Design; Construction & Assessment; Operation 
& Maintenance; Redevelopment & Rehabilitation; 
Decommission) (ISO, 2018), it is extremely important 
here to point out the difference between these phases as 
defined in ISO (2018), tracing the development ‘of’ 

sustainable cities and smart communities as a whole, 
compared to how we proffer them here as phases of the 
smart infrastructure assets lifecycle ‘within’ smart 

communities. Without an already existing smart 
community, like in the former case, DTs would not exist 
in the first place, let alone operate. However, managing 
and developing infrastructure assets within an operating 
and evolving smart community, as in the latter case, is 
obviously of more relevance to this paper, concerned with 
using DTs rather than constructing their constituent 
physical elements and components from scratch. 

Initiation: DTs in this phase are mostly used to 
facilitate the identification and crystallization of emerging 

smart community development needs through citizens’ 
engagement and participation to build consensus about 
what their city lacks and subsequently envisaging a desired 
future state. Several studies involve DT collaborative 
initiatives like geo-participation and geo-discussion online 
platforms capturing the city’s status quo and fostering 
public insightful contributions (Haklay et al., 2019; 
Hasegawa et al., 2019; Nochta el al., 2019). Afzalan and 
Sanchez (2017) utilized an interactive GIS website 
interface to allow for interested citizens to suggest their 
views for bike-share infrastructure planning. (Dembski, 
Yamu & Wössner, 2019) engaged diverse groups of 
citizens to engage in evaluating several traffic 
development digital scenarios represented using VR 
technology; thus, pave the way for their intrinsic needs to 
emerge throughout the process. Kovacs-Györi et al. (2020) 
used social media data and spatial information to 
understand citizens’ feelings and activities across different 
locations in the city and have a better grasp of ongoing 
urban dynamics in order to infer the public needs and 
preferences.  

Design: At this stage, DTs can help increase the 
confidence in infrastructure development plans and 
designs proposed to achieve the public needs, by revealing 
how new interventions in the urban environment might 
unfold. White el al. (2021) suggested using sunlight, wind 
and seismic sensed data to evaluate the consequences of 
new buildings on the city features, as well as the impact of 
known city challenges and risks on them. DTs can be used 
to ensure urban planning decisions have no negative 
impact on citizens and wider ecosystem (ODI, 2020); to 
compare between alternative design options, for example 
to select the optimal allocations of land use in terms of 
gross value added and home and job creation (Oléron-
Evansa & Salhaba, 2020); or to assess whether new 
infrastructure developments may hinder current operations 
(McHugh & Thakuriah, 2018). In a slightly different 
approach, Barmpounakis and Geroliminis (2020) used DT 
to deeply investigate the congestion and critical traffic 
phenomena, generation knowledge that can significantly 
support the design of new roads. 

Construction: relatively fewer studies have 
investigated the DT use cases during the construction 
phase. However, an obvious application that promises 
huge benefits is the underground asset register (Brammall 
& Kessler, 2020) with a potential to deliver strike-less and 
safe working environment. Another valuable use case 
pertains to the monitoring and control of construction 
progress. Tang et al. (2019) implemented clustering 
method to assess the progress of urban development works 
by evaluating the conformance between the planned urban 
clusters and the captured actual current state. 

Operation and maintenance: Myriads of DT case 
studies were advanced to endow asset managers with 
better grasp of operating urban assets’ behavior and state, 

thus supporting the delivery of well-run operations and 
maintain satisfactory quality of services. This includes, but 
is not limited to, the initiative of Wang et al. (2020) to 
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predict short-term rail passengers flow to support 
operations’ decision making or the monitoring of energy 
consumption within buildings in real-time to aid 
operational fault-detection (Francisco et al., 2020). 

Redevelopment and rehabilitation: In this phase, 
insights from DTs are used to reflect on the current state 
of the urban environment and how, based on the 
knowledge gained from observing the DT output, this 
environment and its constituent assets can be further 
redeveloped and rehabilitated to offer higher level of 
services and cope with the urban dynamics and changing 
behavior of social systems. For example, Kourtit and 
Nijkamp (2018) relied on DT city-scale urban indicators 
and KPIs to guide setting city redevelopment strategies. 
Moreover, the continuous monitoring of the heat stress that 
pedestrians’ experiences informed decision makers of 
redevelopments, including building shades, among other 
facilities, to overcome this issue (Mavrokapnidis et al., 
2021). Another DT approach can be used to direct future 
redevelopments of road network in such a manner that 
brings about less air pollution (Honarvar & Sami, 2019). 
Again, it is worth re-emphasizing here how the integration 
of asset lifecycle phases can help the exploitation of 
knowledge gained through one phase, say operation and 
maintenance, by other following phases, such as 
redevelopment and rehabilitation (Al-Sehrawy & Kumar, 
2021). 

Decommission: With the least attention paid by DT 
researchers and practitioners to this phase, DT continues 
to promise potential value to be unlocked via real-life 
applications and case studies. Al-Sehrawy and Kumar 
(2021) offered a glimpse of how DTs can support the 
knowledge transfer from old to new assets, direct the end-
of-life procedures, whether disposal or decommissioning, 
towards a circular, rather than linear, asset life-cycle and 
offer more sustainable solutions. 

D7: DT actors & asset stakeholders 

While most of the DT use cases identified in the 
literature do not reflect on this dimension, considering the 
greater attention they pay to other DT technical aspects 
and elaborating on the final delivered value, it is expected 
that any DT use case will have to involve a group of 
stakeholders. ISO (2018) provides a list of all possible 
parties that might be interested in the development of 
smart communities (i.e.: Developer; Infrastructure Owner; 
Operator; Service Provider; Consultant; Community 
Authority; Regulator; Investor; Lender; People). 

While this list is obviously brough about from an 
infrastructure asset’s point of view, it is useful though to 

view the acting groups from the DT perspective. Several 
papers proposed different smart city frameworks and DT 
development theoretical constructs (see, for example: 
Kent et al., 2019; Bibri & Krogstie, 2018; Mamta & 
Nagpal, 2018) from which it was possible to deduce some 
of the key roles, responsibilities and consequently actors 
in the process of delivering a DT; these may include the 
following five key DT actors: “DT Owner”, simply the 

client defining the purpose of the DT and pursued 
outcomes; “Data Author”: the creator and issuer of data; 
“Data Host”: offering repositories to store big data, such 

as cloud storage service provider; “DT Developer”: the 

consultant responsible for building the DT with technical 
expertise in the field of information systems, to design the 
DT system architecture, specifications and built-in 
functions; and “Data Scientist”: responsible for data 

cleaning, standardising, re-formatting, analyzing, 
visualizing…etc. in alignment with the DT owner 
requirements. A DT use case, in the realm of urban 
planning and city infrastructure management will indeed 
include both infrastructure asset stakeholders in addition 
to DT actors; none of which should be overlooked, and in 
many cases they may actually overlap. Future officials and 
city leaders are expected to further enrich their knowledge 
in data science (Kontokosta, 2017), thus an infrastructure 
asset operator can be the DT owner of an operation and 
maintenance DT, while having expert personnel 
responsible for carrying out the duties normally 
undertaken by a Data Scientist. 

CONCLUSION 

In this paper, a multi-dimensional DT use case 
calssification framework is proposed as a standard means 
to bringing about order and consistency to the increasing 
ad-hoc attempts of enumerating and grouping DT use 
cases in the realms of built environment, urban planning 
and city infrastructure management. As wider adoption of 
DT takes place, DT use cases will proliferate and more DT 
approaches will be suggested and improvised. Non-
standardised categorization of these use cases may lead to 
counter results, reflecting a lack of clarity and vision about 
the real essence of a DT, rather than a manifestation of 
DT’s value and far-reaching potential. 

On the other hand, the framework also provides a 
resource that DT researchers, developers and practitioners 
can use to refine and clarify their proposed use-cases at the 
outset of a project, ensuring that each dimension is fully 
considered, which can consequently facilitate uniform DT 
procurement. 

Future work may involve a literature review of DT use 
cases classified in accordance with the proposed 
framework. This would help identify gaps in knowledge 
and ongoing practices creating a useful guiding resource 
for DT researchers. At another level, the framework can 
be considerably supplemented by a standard methodology 
to help articulate how a classified use case is actually 
realized in real-world applications; in other words, to 
endow the framework with standard means to address the 
question of “‘how’ a use case is executed?” once the 
question of “‘what’ the use case is about?” has been 
adequately addressed. The recent study by Al-Sehrawy et 
al. (2021) offers a likely-looking foundation towards 
addressing this question of ‘how’ in a standard and 

consistent way. 
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ABSTRACT

Like many technological advances, Building Energy
Performance Simulation (BEPS) tools face barriers
to their adaptation. Stakeholders must be able to
trust results - building owners and occupiers want to
know how the results will benefit them, while compa-
nies require a return in investment through the use
of such tools. Furthermore, engineers using such sys-
tems should be able to examine their use over time to
tune their accuracy. Provenance systems seek to cap-
ture information that can be used to fulfill these goals.
An application of the W3C PROV-O vocabulary to
record typical BEPS processes is described. An inter-
face to support engineers when recording provenance
data is then introduced.

INTRODUCTION

The building sector accounts for a significant por-
tion of the overall energy demand and greenhouse
gas emissions of any country. Around 39% and 36%
of the CO2 emissions are associated with buildings
in the United States and Europe respectively (En-
ergy for Europe by European Commission 2018). In
Europe, buildings are responsible for 40% of overall
energy consumption. One viable solution is to ana-
lyze the energy performance of buildings and use the
results to inform various decision-making processes.
While the body of work around this approach is well
developed, many obstacles remain. Though willing
to embrace new technologies, companies and govern-
ment bodies are concerned by the accuracy of results
(ECTP 2019). An environmental and energy perfor-
mance gap between predicted and operational build-
ings is a widespread industry issue (de Wilde 2014).
This can occur for a number of reasons, including
quality of data input to the simulation process, as
well as flaws in the process itself (Ali et al. 2019). A
wider societal mistrust continues to grow around sim-
ulations and other data intensive approaches such as
deep learning. This creates a hesitancy to share data
and adopting results from these types of processes
(González et al. 2019).

Data provenance helps promote trust and enables
mechanisms to help users of BEPS modelling outputs
to have confidence in those results (Zafar et al. 2017).

The work described here would enable various parts
of a BEPS process to be attributed to individuals
and organizations as well as enable resproducability
and analysis to improve accuracy. These concepts
have been identified as key components for producing
trust amongst consumers of modelling results (Stoica
et al. 2017); that work identified explainable results
as a key goal in the field of AI, Information Retrieval,
Search and other fields. Consumers of results (tech-
nical experts through to building owners) must be
confident that answers provided by decision support
systems provide causal inferences rather than coinci-
dental results. This is achieved by:

• being able to explain the source and quality of
inputs to an Artificial Intelligence (AI) system;

• being able to identify the the properties of input
that caused a result to be derived;

• being able to examine the effect of small pertur-
bations to these inputs and allow engineers to
experiment with these changes to assist in devel-
oping their understanding of the inputs, models
and their outputs.

Stoica et al. (2017) further assert that a key require-
ment for supporting explainable simulations is ensur-
ing their reproducability. To provide suitable meta-
data and mechanisms that admit these goals is to
provide an explanation of a model’s data and process
provenance.

Data provenance, also known as data lineage or
data pedigree is concerned with providing a history
of the steps - including any data and process - used to
derive some new data artifact. Provenance research
has evolved in science and engineering, especially in
areas under scrutiny, such as climate change, business
where financial records are subject to formal review,
engineering fields, such as aeronautical engineering,
and food and pharmaceutical production (Glavic &
Dittrich 2007). A search of research literature found
few concrete references to data provenance in the con-
struction domain; related fields, such as change man-
agement and version control, would, in the authors’
opinion, inform a broader provenance view of BEPS.
The overarching aim of this paper is to address this
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The building sector accounts for a significant por-
tion of the overall energy demand and greenhouse
gas emissions of any country. Around 39% and 36%
of the emissions are associated with buildings
in the United States and Europe respectively (En-
ergy for Europe by European Commission 2018). In
Europe, buildings are responsible for 40% of overall
energy consumption. One viable solution is to ana-
lyze the energy performance of buildings and use the
results to inform various decision-making processes.
While the body of work around this approach is well
developed, many obstacles remain. Though willing
to embrace new technologies, companies and govern-
ment bodies are concerned by the accuracy of results
(ECTP 2019). An environmental and energy perfor-
mance gap between predicted and operational build-
ings is a widespread industry issue (de Wilde 2014).
This can occur for a number of reasons, including
quality of data input to the simulation process, as
well as flaws in the process itself (Ali et al. 2019). A
wider societal mistrust continues to grow around sim-
ulations and other data intensive approaches such as
deep learning. This creates a hesitancy to share data
and adopting results from these types of processes
(González et al. 2019).

Data provenance helps promote trust and enables
mechanisms to help users of BEPS modelling outputs
to have confidence in those results (Zafar et al. 2017).

The work described here would enable various parts
of a BEPS process to be attributed to individuals
and organizations as well as enable resproducability
and analysis to improve accuracy. These concepts
have been identified as key components for producing
trust amongst consumers of modelling results (Stoica
et al. 2017); that work identified explainable results
as a key goal in the field of AI, Information Retrieval,
Search and other fields. Consumers of results (tech-
nical experts through to building owners) must be
confident that answers provided by decision support
systems provide causal inferences rather than coinci-
dental results. This is achieved by:

being able to explain the source and quality of
inputs to an Artificial Intelligence (AI) system;

being able to identify the the properties of input
that caused a result to be derived;

being able to examine the effect of small pertur-
bations to these inputs and allow engineers to
experiment with these changes to assist in devel-
oping their understanding of the inputs, models
and their outputs.

Stoica et al. (2017) further assert that a key require-
ment for supporting explainable simulations is ensur-
ing their reproducability. To provide suitable meta-
data and mechanisms that admit these goals is to
provide an explanation of a model’s data and process
provenance.

Data provenance, also known as data lineage or
data pedigree is concerned with providing a history
of the steps - including any data and process - used to
derive some new data artifact. Provenance research
has evolved in science and engineering, especially in
areas under scrutiny, such as climate change, business
where financial records are subject to formal review,
engineering fields, such as aeronautical engineering,
and food and pharmaceutical production (Glavic &
Dittrich 2007). A search of research literature found
few concrete references to data provenance in the con-
struction domain; related fields, such as change man-
agement and version control, would, in the authors’
opinion, inform a broader provenance view of BEPS.
The overarching aim of this paper is to address this

deficit by exploring how the PROV-O linked data vo-
cabulary can be applied to record BEPS provenance.

The paper continues by reviewing existing work
in the area of provenance, and in particular, its ap-
plication to BEPS. Then, a typical BEPS process is
described and the PROV-O provenance vocabulary is
reviewed. A description of the application of PROV-
O to record a BEPS process is then provided. The pa-
per will continue by describing an interface that was
developed to simplify recording BEPS provenance.

BACKGROUND

A review of the literature for the Architecture, En-
gineering and Construction (AEC) domain finds few
references to work on provenance. However, prove-
nance has been applied in science and engineering
domains such as scientific simulation, food produc-
tion and business (Simmhan et al. 2005a,b). This
section seeks to place these works in the context of
provenance, discussing their relevance alongside ref-
erences to related work on provenance in other do-
mains. Data and process provenance has several
purposes. Within the AEC domain, these include
Audit/Attribution, Replication and Data Quality.
Audit/Attribution is the ability to learn about the
source of information, including, but not limited to
the ability to know who created information and both
how and when this occurred (Ambrosio et al. 2017).
This application is not just about attributing infor-
mation to individuals, but, for example, can also be
used to trace faults with measuring equipment. Repli-
cation is the ability to recreate a process (Zafar et al.
2017), and is used to examine the execution of a sim-
ulation, perhaps to compare with real world data in
order to refine the accuracy of the process for future
applications (Leschert & Mclean 2015).

Several approaches have been explored to pro-
vide provenance. These range from extensions to
databases to the use of linked data based approaches.
While some focused on describing provenance of data
or process (Hasham et al. 2018), we focus on an en-
compassing solution in order to address all three pur-
poses discussed earlier. Several provenance standards
have been proposed. Because of their broad appli-
cability, and ability to admit reasoning, we focus on
linked data based provenance approaches as described
by (Moreau et al. 2015). A range of other implemen-
tations approaches have been taken to support prove-
nance, including the use of Blockchain (Liang et al.
2017) and bespoke metadata schema for high per-
formance computing environments (Dai et al. 2019).
Indeed, scalability and operational overheads has re-
ceived extensive attention, for example, Suh et al.
(2019); while these approaches have merit, we believe
that linked data provides a solution that is easier to
implement and maintain in the context of the BEPS
application context.

While many works focus on the process of cre-

ating and managing provenance data, the ability to
reason about this information is key to answering
more complex questions. Semantic and linked data
approaches are particularly suitable for this purpose.
Made up of structured data, annotated using the Re-
source Description Framework (RDF) standard and
ontologies expressed using Web Ontology Language
(OWL), that provides meaning for the RDF annota-
tions, these data can be reasoned about both in terms
of its values and the relationships between these. The
PROV-O ontology (PROV-O: The PROV Ontology
2013), described in greater detail in the next sec-
tions, is provided by W3C as a baseline standard
for expressing provenance information. Several other
projects have explored the provision of provenance
data using linked data approaches. Ornelas et al. de-
scribe the development and use of Open Provenance
Model Ontology‐e (OPMO‐e) ontology for describing
and reasoning about large scale scientific experiments
(Ornelas et al. (2018)). Shaon et al. describe how
the Digital Object Identifier (DOI) ontology was com-
bined with others such as the data re-use standard,
OAI-ORE, to provide the ability to reason about re-
search that was input to a report in order to sup-
port the veracity of climate research (Shaon et al.
2012). Leschert et al. describe the development of
a linked-data approach to capture and reason about
the provenance of power systems (Leschert & Mclean
2015); this is used to audit these systems to maintain,
tune and enhance their operation.

SUMMARY OF ENERGY MODELLING

PROCESS

The energy modelling process is composed of entities
and relationships that describe an energy modelling
session. This was derived both from interviews with
energy modelling experts and with reference to IEA
EBC Annex 60 project which promoted research and
development of new methods to help design and oper-
ate energy efficient buildings and communities (Wet-
ter & Van Treek 2017). The steps consist of:

• Step 1 - Data Collection: data collection is perhaps
the most variable step in data modelling. Infor-
mation can originate from a variety of sources,
including drawings, survey information and sen-
sor data. The collected data, the process and
tools used to collect these data along with the
agent that conducted the measurements are all
variables that influence the accuracy of this step,
and so should be recorded. Furthermore, data
collection is implicitly part of the energy mod-
elling process, but may be carried out indepen-
dently - both in terms of process and time - from
the actual modelling process;

• Step 2 - BIM-based CAD Tool: this tool is used to
collate collected information. Driven by a soft-
ware process, details of the software and hard-
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ware platform should be recorded to ensure that
the model is reproducible. Any changes made to
the data in the BIM should also be recorded;

• Step 3 - Export Tool: this is also a software artifact.
It is used to export a defined subset of data from
step 2. Both the software version and the con-
figuration of the platform it runs on, along with
any run-time settings can effect the model’s out-
puts. While largely a software step, the version
of step 2’s data that the process was applied to
should be recorded to ensure traceability;

• Step 4 - Data Transformations: various trans-
formations can be applied to the exported data,
fundamentally changing its character, and so in-
fluencing the model’s output. Recorded details
would include for example, procedures, software
versions and its configuration;

• Step 5 - Quality Control: various quality control
steps can be applied to the exported data, funda-
mentally changing its character, and so influenc-
ing the model’s output. Details recorded include
procedures followed and evaluation criteria;

• Step 6 - Import Tool: this step is heavily influ-
enced by software. Like the earlier export step,
both the software version and the configuration
of the platform it runs on, along with any run-
time settings can impact the output of the overall
modelling process;

• Step 7 - Simulations Tool (e.g. EnergyPlus): similar
to steps 2, 3 and 6, software version, hardware
details and settings should be recorded to ensure
traceability;

• Step 8 - Outputs: the output of the modelling pro-
cess may be used as input to other processes, or
appear in reports or documentation. In order to
allow these uses to be traced back to the mod-
elling process, they should be properly attributed
to the modelling instance.

This description shows that BEPS modelling is a com-
plex collaborative workflow, with multi-facetted data,
multiple human agents and complex software running
on multiple hardware platforms.

The PROV-O VOCABULARY

W3C’s PROVPROV-O: The PROV Ontology (2013)
is a collection of 12 documents that describes stan-
dards that seek to fulfill the requirements of the
Provenance Incubator Group. At its core is the
PROV-O ontology (shown in Figure 1) that describes
3 classes, and 7 fundamental relationships between
these; ancillary classes and relationships are also de-
fined, such as use of datetime to track temporal as-
pects provenance. Within the ontology, entities de-
scribe physical, digital or other concepts. The ontol-
ogy extends the term to include collections, bundles

and plans that represent collections of entities, enti-
ties that describe provenance and entities that de-
scribe ordered sets of actions that allow agents to
achieve some goal. Entities are further expanded
through the use of intra-entity relationships. Agents
describe someone or something that trigger an activ-
ity resulting in the creation of or changes to entities.
The PROV-O standard provides several sub-classes
of agent including Person, Organization and Software
Agent. An activity is something that acts upon an en-
tity and is triggered by an agent. These classes are
quite flexible in structure, consisting of a class ID and
an optional set of attributes; this structure provides
great flexibility when recording provenance.

Figure 1: W3C’s Prov-O (PROV-O: The PROV Ontology
(2013)) Ontology for Provenance Management.

The classes are related through a set of relation-
ships. Activities can use an entity or be informed
by other activities. They also have a begin and finish

time. Entities are derived from one another and can
be generated by activities.

This ontology can be used to record and, subse-
quently, answer questions such as who carried out
some activity, or what was the initial information
used by some activity. When several activities are
chained into a plan, the ontology allows for a rich un-
derstanding of the process, and admits attribution,
recreation of the process and data quality traceabil-
ity back to original sources of information.

APPLYING PROV-O TO THE MOD-

ELLING PROCESS

The paper continues by examining how the PROV-
O ontology is applied to create a representation for
the provenance of each step in the modelling process.
This representation provides a set of relationships be-
tween activities, agents and entities that can be used
to audit or reproduce the modelling process, attribute
data and modelling steps and provide a basis for mea-
suring data quality. The steps, shown in Figure 2,
while derived from detailed interview with BEPSs

Page 392 of 438



ware platform should be recorded to ensure that
the model is reproducible. Any changes made to
the data in the BIM should also be recorded;

this is also a software artifact.
It is used to export a defined subset of data from
step 2. Both the software version and the con-
figuration of the platform it runs on, along with
any run-time settings can effect the model’s out-
puts. While largely a software step, the version
of step 2’s data that the process was applied to
should be recorded to ensure traceability;

various trans-
formations can be applied to the exported data,
fundamentally changing its character, and so in-
fluencing the model’s output. Recorded details
would include for example, procedures, software
versions and its configuration;

various quality control
steps can be applied to the exported data, funda-
mentally changing its character, and so influenc-
ing the model’s output. Details recorded include
procedures followed and evaluation criteria;

this step is heavily influ-
enced by software. Like the earlier export step,
both the software version and the configuration
of the platform it runs on, along with any run-
time settings can impact the output of the overall
modelling process;

similar
to steps 2, 3 and 6, software version, hardware
details and settings should be recorded to ensure
traceability;

the output of the modelling pro-
cess may be used as input to other processes, or
appear in reports or documentation. In order to
allow these uses to be traced back to the mod-
elling process, they should be properly attributed
to the modelling instance.

This description shows that BEPS modelling is a com-
plex collaborative workflow, with multi-facetted data,
multiple human agents and complex software running
on multiple hardware platforms.

W3C’s PROVPROV-O: The PROV Ontology (2013)
is a collection of 12 documents that describes stan-
dards that seek to fulfill the requirements of the
Provenance Incubator Group. At its core is the
PROV-O ontology (shown in Figure 1) that describes
3 classes, and 7 fundamental relationships between
these; ancillary classes and relationships are also de-
fined, such as use of datetime to track temporal as-
pects provenance. Within the ontology, de-
scribe physical, digital or other concepts. The ontol-
ogy extends the term to include collections, bundles

and plans that represent collections of entities, enti-
ties that describe provenance and entities that de-
scribe ordered sets of actions that allow to
achieve some goal. Entities are further expanded
through the use of intra-entity relationships. Agents
describe someone or something that trigger an activ-
ity resulting in the creation of or changes to entities.
The PROV-O standard provides several sub-classes
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ships. Activities can use an entity or be informed
by other activities. They also have a and
time. Entities are derived from one another and can
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used by some activity. When several activities are
chained into a plan, the ontology allows for a rich un-
derstanding of the process, and admits attribution,
recreation of the process and data quality traceabil-
ity back to original sources of information.

The paper continues by examining how the PROV-
O ontology is applied to create a representation for
the provenance of each step in the modelling process.
This representation provides a set of relationships be-
tween activities, agents and entities that can be used
to audit or reproduce the modelling process, attribute
data and modelling steps and provide a basis for mea-
suring data quality. The steps, shown in Figure 2,
while derived from detailed interview with BEPSs

specialists, are illustrative, and other processes can
be accommodated.

Steps 1 & 2 - Collecting Data and Importing to BIM

The provenance process begins by creating a repre-
sentation of the simulation to provide context for the
provenance data and any published results. We can
say that the modelling process explicitly starts once
the information is available, and indeed, when prove-
nance is employed to reproduce the modelling process
or to attribute actions in the process to some activity
or agent, then tracing as far as data input is sufficient;
data can be attributed to its source, and having data
sets in their original form allows a simulation process
to be rerun. In order to assess data quality, it is ideal
to have each data set’s provenance, including how the
data was acquired, details of hardware used, qualifi-
cations of operators of equipment, and any other fac-
tors that might affect data quality. However, this
information may not be available - third parties re-
sponsible for its measurement may not record such
details.

The import process is described by the Import
to BIM activity and involves the input data and up-
dated BIM state (each an represented as an entity)
and three agents representing the modeler, the com-
pany for which he works and the BIM server to which
information is up-loaded. The company is responsi-
ble for maintaining the BIM server, while the modeler
is responsible for triggering the import process. The
BIM server is considered to have done the actual im-
port. The modified BIM state is attributed to the
three agents and can be said to have been generated
by the import activity which used the input entities.

The only actual data source that persist in the
BEPS process are the input data sources. There-
after, the comprehensive view of processes applied,
and recorded in the provenance system, will allow
recreation of intermediate data states. Therefore, the
focus is on the state of software or any manual steps
taken by agents.

Step 3 - Exporting from BIM

The provenance for the next step of the process, in-
volves describing how the collected data from the
BIM server is exported to produce a data set that
can be cleaned and imported to, in this case, Ener-
gyPlus to execute the actual modelling process. At
this point, two entities, the BIM’s data set and the
exported data are represented. These are acted upon
by the export from BIM activity, and acted upon
by four agents, including the BIM server, the export
tool, the modeler and their company. The exported
dataset is derived from the BIM’s data. The activ-
ity uses the BIM’s data set to generate the exported
data set. The activity is informed by the BIM server
and export tool software agents, while the activity is
done by the modeler that triggers the export process.

The exported dataset is attributed to the export tool,
modeler and company. Finally, the company is re-
sponsible for the software agent’s maintenance. The
steps taken by the modeler, and especially the con-
figuration of the export tool is the most important
information recorded in this step.

Steps 4 & 5 - Transformation and Quality Control

Steps 4 and 5 deal with transformation and clean-
ing of the exported data. The provenance models for
both steps are broadly similar consisting of two enti-
ties, the data input to the step, and the resultant out-
put for the step. Each step has an associated step and
is associated with three agents - the modeler carry-
ing out the steps, their company (with its aforemen-
tioned responsibilities for maintaining software and
platforms) and any tools used in the transformation
and cleaning processes. As in earlier steps, the out-
put data set is derived from the input set, while the
activity uses the input to generate the output. The
activity is informed by any software tools, while the
activity itself is done by the modeler who triggers the
use of software agents in pursuit of the goals of the
task. The output is attributed to the three agents.

These steps differ from previous steps somewhat
in that the activities are bespoke for the simula-
tion being undertaken. Some of these may involve
applying calculations to the data, substituting val-
ues, replacing values such as those from archetypes.
Where these actions are standard, the actions taken
along with references to company standards and pro-
cedures documents that describe the steps, should be
recorded for the activity (process document). Where
the actions are bespoke, each should be rigorously
documented; the level of detail provided should be
sufficient to allow another agent to reproduce the ac-
tions.

Step 6 - Importing to EnergyPlus

This step is largely software based. Again, there are
two entities, the cleaned data, as input, and the Ener-
gyPlus state after import. The activity is supported
by four agents - two software, the import tool and
EnergyPlus software, the modeler and the modeler’s
company. The import tool and modeler do the activ-
ity, and the activity is informed by the EnergyPlus
software. EnergyPlus’ state is informed (updated) by
the import tool agent. Similar in structure to Step 3,
the same relationships exist between the entities, the
entities and activities, and the output is attributed to
EnergyPlus, modeler and company. The steps taken
by the modeler, and especially the configuration of
the import tool is the most important information
recorded in this step.

Step 7 - Simulation

The model for Step 7 is - like Steps 3 and 6 - largely
software oriented. While the modeler agent is respon-
sible for configuring the simulation engine and editing
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Figure 2: Prov-O Representation for all 8 BEPS Steps.

the editing the input file for simulation, it is the soft-
ware itself that is best positioned to record its own
state. Again, there are two entities - output derived

from input, and associated with the simulation engine
using the same relationships as before. Three agents,
the EnergyPlus software, modeler and his/her com-
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the editing the input file for simulation, it is the soft-
ware itself that is best positioned to record its own
state. Again, there are two entities - output derived

from input, and associated with the simulation engine
using the same relationships as before. Three agents,
the EnergyPlus software, modeler and his/her com-

pany are also included, again sharing the same rela-
tionships as in previous steps. The steps taken by
the modeler, and especially the configuration of the
EnergyPlus tool is the most important information
recorded in this step.

Step 8 - Using the Simulation Output

Step 8 describes how a result persists. The model de-
scribed here assumes that some system assists with
the tracking of results. Where this is the case, a rep-
resentation of the result - the output file, or a docu-
ment describing the results - would be published to
the repository; the simulation object in the prove-
nance model would be updated to reflect this. This
final published entity is derived from the EnergyPlus
result entity and generated by the publication entity.
The action is triggered by the modeler on behalf of
the company.

Step 8 is divided into explicit and implicit uses;
this acts as a boundary between actions that are part
of the BEPS modelling process and those that repre-
sent subsequent use of information generated by the
process. This is captured by a generic Further Use
activity. This activity generates some output by syn-
thesizing many sources of information; therefore, this
new entity is not derived from the modelling result.
In this case the agent involved carrying out this task
should cite the source - the modelling process’ result -
and update the result’s citation list. This step creates
a lineage from the entities that use the result through
to the inputs to the modelling process.

IMPLEMENTING THE MODEL

We now present a prototype system for tracking data
provenance during a BEPS process. The system is
implemented as a standalone tool as it is recording
a process that is implemented as a tool-chain that
consumes multiple independent information sources.
The user interface of the prototype is intentionally
simplified - for example, allowing users to upload doc-
uments to describe activities or refer to online infor-
mation sources - rather then explicitly asking for this
information. This is for two reasons: first, it allows
reuse of documentation, and second, it allows the pro-
totype to describe a wide range of scenarios. The
section will conclude by presenting how the proto-
type records information about each step of the BEPS
modelling process.

An engineer would initially be presented with a
pair of screens that organize tasks in a project com-
ponent hierarchy. Each task is represented by infor-
mation about the task and a collection of steps, as
described earlier (see Figure 3). General data about
the task includes its title, responsible person in the
company, last modified data (and other metadata),
and an overall quality score for the task. Each step
that has been completed to date is listed in a table be-
low. Each step is described by its metadata including

a title, quality score, modified time and responsible
person. Clicking on the row expands it to reveal a
list of PROV-O relationships that describe the over-
all provenance for the step. Steps are related through
their input and output data artifacts; for instance,
Step 1’s output is an input for step two. Relationships
between entities within the step are described, for ex-
ample the fact that the export tool was executed by
a particular person is captured. Note the entity type
- process, agent, source or output - is captured in ab-
breviated form in the triple. These triples are stored
in an Apache Jena triple store and so can be subse-
quently reasoned about using SPARQL queries. This
tabular view will be augmented at a later point with
a graphical representation. New steps can be added
by clicking on the appropriate button to add a new
step. The first involves providing general metadata
about the step, including title and responsible person.
Any new processes, agents or data entities not previ-
ously represented on the system must then be added.
The process description must always be added here
as it will contain nuanced details that were not previ-
ously represented on the system. Other entities will
usually have to be added - for example, the output of
the step will generally be unique to the step and task.
These details are added via pop up dialog boxes that
capture the information described in Figures 4.

Adding details of a new step continues by prompt-
ing the user to describe the process by capturing rela-
tionships as triples. This is simplified by listing data
entities, processes and agents associated with the task
in drop-downs, along with provenance relationships,
allowing users to quickly enter the required details.

CONCLUSIONS

BEPS holds demonstrable promise in contributing
to the development of an energy efficient buildings
and lowering energy emissions. These approaches
suffer from several drawbacks in their implementa-
tion. Overall, there is a lack of confidence in such
approaches. A performance gap often occurs be-
tween predicted energy consumption and that ob-
served once a building is operational; this gap can
occur for a number of reasons, including inaccurate
inputs and missteps in the simulation process. The
performance gap, concerns about value for money,
along with other trust related issues reduces the adop-
tion of simulation results by stakeholders, including
the wider construction industry, decision makers and
occupants.

This work posits that providing a system that
provides auditable, replicable and explainable re-
sults would increase trust in BEPS modelling. By
making results auditable, issues around quality can
be resolved by investigating what data or process
step caused gaps between predicted and actual out-
comes; furthermore, the system allows for correction
of other outputs where erroneous data sources or pro-
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Figure 3: Interface that describes a simulation step, including a summary steps taken to complete the task. Each step can be viewed in
detail by clicking on a row.

Figure 4: Interface used by an engineer to describe step in a simulation task, including an evaluation of the impact of this step on
quality of the simulation.

cess outputs were used. Results are made explainable
through the provision of a nuanced view of the pro-
cess and data employed. Overtime, the system would
provide feedback to improve design processes by iden-
tifying where errors occurred.

FUTURE WORK

While this work has significantly advanced the topic
of provenance for BEPS, several outstanding issues
remain. The human factors impact of using this
type of tool must be investigated. Questions such
as whether the approach provide burdensome for en-
gineers, whether engineers will take the time to ac-
curately record information, and how the quality of
provenance information be measured and maintained
remain open, and of significant importance. Ap-
proaches to assist in the analysis of provenance also

remain open. While SPARQL provides an expres-
sive means of accessing provenance information, its
use is relatively specialized. Improved analysis and
reporting tools are required to make the information
captured by systems such as the one described here
more accessible.
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ABSTRACT 

The Construction Industry faces challenges to achieve the 

key goals of Digital transformation, Sustainability, and 

Waste. The problem is that these have been strategically 

detailed mostly in separated documents. Despite common 

elements, the defined roadmaps use different headings, 

terminology and are over-focused. This leads to gaps at 

several levels. Connected information flows can foster 

alignment and bridge the gaps. 

This research provides awareness and demonstrates 

how Circular Construction can be built on Digital 

Transformation, Sustainability, and Waste, using 

information flow conceptualizations. The approach is 

made from the “digital challenge” and through Data 
Templates as enablers for circular information in 

construction.  

INTRODUCTION 

The Architecture, Engineering, Construction, Operators 

and Owners sector (AECOO) strongly affects the 

economy, the society, and the environment as a whole 

(Forum, 2016) (Hjelseth, 2017). The industry 

transformation framework sets many challenges and this 

research focus on “Digital Transformation” and 
“Sustainability and Waste” (Forum, 2016). 

There is a real problem related to the dimension of the 

industry environmental impacts, as in recent years the 

waste production and low recycling rates have been raising 

more and more concerns (Forum, 2016). The waste 

reduction challenge cut crosses the entire life-cycle and 

relies on efforts at product manufacturing and construction 

levels. Yet, the ability to re-use, in this or other industries, 

or recycle products and elements that are already part of 

the built environment is what impacts the most. Given this, 

even the smallest improvement, if scalable, will provide 

significant outcomes. For all these purposes it is key to 

distinguish what is real waste and what it is not. Waste 

audit actions are pointed as the tool to perform this 

assessment, through the identification and quantification 

of the amounts of different waste types on an existing built 

object (European Commission, 2018). This identification 

and inherent data are key to change from a linear value-

chain to a more circular one. 

Most of the construction strategic documents are 

focused on or depart from one of the abovementioned 

challenges. This leads to a “siloed” approach that often 
lacks on the identification of common outcomes and on 

how a specific challenge can be supported by or benefit 

from the other.  

The research motivation arises from this awareness and 

from the perception of the potential negative impacts that 

this might induct on the industry stakeholders, namely 

confusion and inaction. Digital Transformation and 

Sustainability and Waste are complex challenges that the 

industry must accomplish. Despite their differences and 

the over-focused strategies, there are connection points 

that can bridge the existing gaps and foster broader and 

more assertive innovation actions. 

This study sets way from the Digital transformation 

challenge side and how specific initiatives, namely Data 

Templates, can work together and improve Sustainability 

and Waste goals.   

The novelty is associated with the awareness of the 

potential role of the Waste Audits. The process of 

delivering waste audits follows specific guidelines that 

nowadays are not sufficiently embedded with the 

digitalization trends but they can be easily be corrected to 

work together. 

The assumption is that if a product or an element can 

be reused or recycled, so its information can also be. Data 

Templates are key elements fostering streamlined 

information flows and working as enablers/facilitators for 

waste audits fostering a circular information flow across 

the construction life-cycle. 

CONTRIBUTIONS TO THE BODY OF 

KNOWLEDGE 

The research aims to contribute to the body of knowledge 

by providing insights and conceptual frameworks at two 

different levels. At the strategic level (EU/Governments) 

by raising awareness on the imperative need to 

combine/harmonize construction digitalization strategies 

and construction sustainability and waste strategies. The 

research reveals the misalignments/communication gaps 

and identifies a connection point.   

Considering the already existing strategies and the 

identified connection point, develops and discloses 

conceptual frameworks to provide common outcomes, 
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first by delivering a conceptual approach for the 

development of waste audits based on Data Templates and 

further, a conceptual framework for Circular Construction 

Life Cycle Information Flow. 

RESEARCH METHODS 

This study progresses from a brief literature review based 

on strategic documents addressing dimensions of the 

AECOO transformation framework and the few research 

works ranging the topics “Digital Transformation” and 
“Sustainability and Waste”. Conceptual proposals are 
developed and discussed considering the headings defined 

for the challenges, focusing on how the communication 

requirements must be aligned and on how the processes 

and elements must be implemented to boost circularity and 

data-centric sustainable built environment visions. 

Data is vital for any process and construction is not an 

exception. Due to its fragmented value chain in terms of 

stages and stakeholders, it becomes even more relevant to 

find ways of collect data to structure and provide 

information at the right time, with streamlined flows, with 

associated ownership and responsibility, as well as updates 

and traceability mechanisms (Watson, et al., 2019). This is 

key for the strategy to bridge the identified gaps.  

From a whole life-cycle perspective, a built object at 

the end of its life will be refurbished or deconstructed and 

its systems and elements will become waste, recyclable 

products, or products with the ability to be re-used 

(European Commission, 2018). This identification should 

be made prior to each one of those actions through a waste 

audit.  

As a product can be suited for re-use, so its information 

must be. Therefore, the waste audit was selected to 

conceptualize a proposal aimed to close the information 

circle through the construction life-cycle and to be used as 

an example to bridge essential aspects between the digital 

transformation strategies and the sustainability and waste 

goals applied to construction. EN 15978:2011 (CEN, 

2011) is used to support the construction life-cycle stages, 

from A1 (Raw material supply) to D 

(Recovery/Reuse/Recycling-potential), and system 

boundary covering to cradle to grave. 

The new standards ISO 19650-1:2018 (ISO, 2018) and 

ISO 23387:2020 (ISO, 2020) should be regarded as 

strategic facilitators for the accomplishment of the 

challenges 

KEY ELEMENTS FOR INFORMATION 

FLOW AND MANAGEMENT 

In 2012, the publication of the European Union (EU) 

“Strategy for the Sustainable Competitiveness of the 
Construction Sector and its Enterprises” set the global 
challenges for the industry (even surpassing the EU 

boundaries) and opened the way for the development of 

strategies to raise the industry bar. 

Due to the AECOO vast scope and number of 

challenges, different headings were assumed by leading 

organizations, namely EU DG’s - Directorate-General. 

During this time, many strategic documents, research 

projects and guidelines were developed. 

Many of them, due to the nature of the organizations 

have focused on specific issues, topics and priorities to be 

solved. Given this and looking from a broad perspective, 

their approaches followed different assumptions and 

became “fuzzy” when there is the need to perform a 
combination or harmonization between them. As 

mentioned, two challenging dimensions are found to be 

key for the construction transformation framework and 

where it was possible to find misalignments and 

communication gaps. These are the “Digital 
Transformation” and the “Sustainability and Waste”. 

Following the strategic approaches and placing them 

as a layer framed with the construction life-cycle, Digital 

Transformation tends to look forward to the construction 

value-chain and its processes, to the implementation of 

Industry 4.0 technologies, raising the sector to an analogue 

4.0 paradigm. The Sustainability and Waste look behind, 

to the already existing Built Environment and to the 

industry installed capacity (understood as production 

capacity and potential of the built stock), seeking ways to 

become more eco-efficient both through the production of 

more environmentally friendly products, waste reduction 

and re-use and recycling of products/elements. Figure 1 

aims to evidence, from a conceptual point of view, the 

somehow seeming “opposite” heading of these 
dimensions/strategies, as well as the vacuum/gap that 

exists, due to the over-focused approach, making a joint 

understanding less feasible.  

Figure 1: Dimensions to raise the bar of construction. “Theo-
retical” headings and gaps. 

The next sub-sections aim to support these visions as 

well as briefly introduce relevant concepts for the research 

development. 

Digital Transformation 

The sector has significant opportunities to exploit digital 

innovation (Forum, 2016). Some examples of digital 

technologies are Building Information Modelling (BIM), 

Common Data Environment (CDE), unmanned aerial 

systems, cloud-based project management, Augmented 

Reality/Virtual Reality (AR/VR), Artificial Intelligence 

(AI), cybersecurity, big data and analytics, blockchain, 

and laser scanner (Desruelle et al., 2019). 

The “Digital Twin” concept as a model for data-driven 

management and control of physical systems has emerged 

over the last decade in the domains of manufacturing, 

production and operations, quickly spreading to the 

construction industry (Sacks, et al., 2020). 
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The key difference between Digital Twin Construction 

(DTC) and current construction management practice is 

that DTC is data-centric (Sacks, et al., 2020). 

Recent studies seek to identify the “heat” of these 
technologies and their contributions to the ambitioned 

transformation. Despite some quick wins, namely around 

BIM, many are still in their infancy and the 

abovementioned data-centric challenge is yet, in most part, 

to accomplish. 

Sustainability and Waste 

The AECOO is identified as a priority domain on the 

action plan for Circular Economy in Europe because, in 

volume terms, is among the biggest sources of waste 

(European Parliament and European Union Council, 

2015). 

The promotion of the efficient use of resources to 

reduce overall environmental impacts throughout the full 

life-cycle is a major goal (European Commission, 2014). 

To accomplish it, reliable indicators must be developed 

seeking to evaluate total energy use, including operational 

energy, material use, carbon footprint, the durability of 

construction products, recyclability and reusability as well 

as recycled content used in construction products 

(European Commission, 2014). 

These indicators rely on comparable and affordable 

data, methods and tools on which the operators in the 

supply chain can analyse and benchmark the 

environmental performance of different solutions. Yet this 

is still lacking (European Commission, 2014). 

The ability to perform improved assessments and 

quality reliable data is essential to develop the 

environmental analysis and achieve the abovementioned 

indicators (ECSO, 2019). 

As well, despite some quick wins on the recycling and 

re-use of products, there are still several data challenges at 

this level. 

DATA FLOW CONCEPTS 

DEVELOPMENT 

The strategic level documents explored in the previous 

section globally define some of the ACEOO main 

challenges, focusing both on global and specific aspects. 

Yet and despite some converging endeavours, the 

underlying message still lacks common approaches and 

terminology, causing confusion and inaction at sector, 

companies and personal levels. As evidenced, BIM 

methodology and circular economy in construction based 

on sustainability and waste efficiency arise as main topics. 

Ganiyu, S. et al. developed a study ranging the two 

dimensions seeking to identify the required competencies 

to deliver projects fulfilling both types of requirements. 

One of the aspects that are highlighted in the introduction 

is that “BIM usage for delivering waste-efficient projects 

is not commonplace” (Ganiyu et al., 2020), meaning that 
there is still a lot to explore.  

In accordance with ISO 19650 series, the Asset 

Information Model (AIM) is composed of Documentation, 

Alphanumerical information and Geometrical information 

(ISO, 2018). This must be a fundamental understanding 

around all BIM uses becoming increasingly indispensable 

when dealing with life-cycle approaches. At this level, all 

the added value is on the data and its interpretation, 

compilation and organization into useful information. 

From the literature review, it highlights that Data is a 

common point between both challenges and strategies 

meaning that it constitutes a connection point to start 

bridging the existing gap. 

The following sub-sections introduce key elements for 

the development of the Circular Building Life Cycle 

Information Flow Conceptual Framework. 

Waste Audit 

A waste audit is a specific action before the demolition (C1 

with other terminology) or renovation (B5, likewise) of 

buildings and infrastructures that must be foreseen within 

a project planning in order to understand and quantify the 

types and amounts of elements and materials that will be 

deconstructed and/or demolished, and to issue 

recommendations on their future handling (European 

Commission, 2018) (CEN, 2011).  

A specific document with guidelines on this task was 

produced by the EU and despite all processes and benefits 

it confirms, as mentioned, a “siloed” approach to the 
construction challenges as there is no single reference to 

“digitalization” nor “BIM”. Despite that, there are some 
key aspects (that may, however, go unnoticed) that on one 

hand confirm the existing gap, namely in terms of 

communication, and on the other hand, are used as starting 

point to bridge that gap (in terms of processes). Both 

support the need and contributions of this research. These 

aspects are the “Data to achieve the materials inventory” 
and the “Data Traceability concerns”. 

In terms of “Data Traceability,” it is stated that “Waste 
audits should be considered as living documents that are 

revised periodically” (European Commission, 2018). In 
this, there are considered 3 stages that run from a situation 

prior to the deconstruction/refurbishment until the end of 

the process (disposal or reuse). This is found to be a short 

term traceability requirement but one that is not so 

different and can glue to wider traceability requirements 

running through different construction process phases as 

evidenced.   

Regarding the “Data in Materials Inventory”, it is 
stated that “The inventory of waste fractions and elements 
is the core part of the waste audit report” (European 
Commission, 2018) “The assessment of materials aims to 
present reliable data about the type and amount of the 

demolition waste” (European Commission, 2018).  
The material inventory must include the materials 

quantification in relevant units of measurement and type 

of material under several classifications as the European 

Waste Catalog (EWC), EURAL waste list and data related 

to hazard ability, recycling and re-use. 
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None of this required data has an origin in this process. 

It is data that comes from prior stages but is identified and 

organized in this action for a specific/different purpose. 

Digital Building LogBook 

The study action for the development of an EU framework 

for digital building logbooks has recently published a 

report where through this tool, the building logbook, aims 

to bridge the gap between construction digitalization and 

environment initiatives.   

In accordance with it: “A digital building logbook is a 
common repository for all relevant building data”.”… is a 
dynamic tool that allows a variety of data…”. “As such, it 
can include administrative documents, …, technical 
systems, traceability and characteristics of construction 

materials, performance data such as operational energy 

use, indoor environmental quality, smart building potential 

and lifecycle emissions.” (Sophie Dourlens-Q. et al., 

2021).  

Given this, and for the purpose of the present research, 

the Building Logbook is found to be the “place” where all 
the DS of a specific build object are stored and updated, 

mainly from handover until refurbishment/deconstruction. 

As so, this closes the data and information cycle required 

to implement a circular economy in construction.  

The EU Renovation Wave strategic document to foster 

refurbishment actions across the European Building stock 

highlights that all these processes should seek for the: 

• use of Building Logbooks 

• development of waste audits 

• implementation of BIM 

 

Data Templates 

Data Templates are data structures used to describe the 

characteristics of construction objects (ISO, 2020). They 

are also information exchange enablers across the 

construction life-cycle. The standard is aligned with the 

digital processes and assumptions. Yet, this is still not the 

understanding among the majority of the stakeholders 

across the sector. Many don’t know the term and others 
point to information structures that despite their value do 

not highlight the real value of the Data Templates. To 

contribute to the full realization of the potential role of 

these structures and despite the standard, it worth’s 
highlighting that we are addressing data templates as 

Digital Data Templates (DDT).    

Focusing on construction products, understood as 

manufactured products (tiles as an example) and raw 

materials (sand), and on systems (wall composed by 

several products) it becomes more clear the role that these 

structures can have in each stage, both for the compliance 

of more “traditional” requirements, as well as 

requirements related with sustainability. 

DDT have their properties defined following products 

types, applicable standards and requirements. 

The Manufacturing (A3) phase is where a specific 

product, understood as a brand with an associated model, 

specific designation and performance values borns. This 

means the specific values for the properties are addressed 

to the DDT, transforming this structure into the Digital 

Data Sheet (DDS) of that specific product. Depending on 

the type of product and manufacturer characterization 

process, the DDS might have more or fewer properties 

with filled values. 

The DDS are used during the design and become part 

of the specifications. They are a substantial part of the 

AIM alphanumerical information, supporting also some 

geometrical information. During construction, the DDS’s 
gain more values, namely the ones that depend on the 

construction process, as asset code, date of placement, 

warranty start date and so forth (Mêda, P. et al., 2020). 

During construction, changes might occur in 

construction products, either by changing the product type 

maintaining the manufacturer, changing the manufacturer 

or even changing the design specified solution. All these 

changes need to be safeguarded to assure data traceability. 

Given this, it can be easily understood the relevance and 

the role of these structures for the digitalization strategies 

of Manufacturing 4.0, Construction Process 4.0 and Site 

4.0. (Sousa, H.; Mêda, 2017). 

The Use (B) stage, in accordance with EN 15978:2011, 

has 7 sub-categories where similar changes to the ones 

abovementioned can occur on the Data Sheets. Prior to the 

B5 “Refurbishment” or C1 “Deconstruction” there is a key 
task that must be made following the strategies focused on 

environment and sustainability; the Waste Audit. 

Bridging the Gap 

From this results that the Digital Transformation and 

Environment and Sustainability challenges identify Data 

within their concerns to provide common or specific 

information and that there are common data structures 

with the ability to support both requirements, from the 

processes perspective.  

Therefore, the information communication strategies 

to the AECOO and their stakeholders addressing both 

dimensions should use data and digital data structures to 

bridge the gap and foster a more favourable environment 

to promote a circular economy. Figure 2 evolves from the 

schema presented in Figure 1. The developments are used 

to bridge the gaps at process and communication levels 

and set a movement to promote the digital circular 

construction based on information. Figure 2(a) presents 

the existing gap between strategies, and Figure 2(b) sets 

the Circular Economy built on Digital Transformation and 

Environment and Sustainability goals. 

DIGITAL LIFE CYCLE INFORMATION 

FLOW FOR CIRCULARITY 

Given the elements and concepts above described the 

conceptualization of their potential uses and relationships 

to make a proof of concept on how both challenges can 

work combined through the use of Data constitutes the 

other contribution. 
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The first conceptualization is focused on the 

combination of the waste audit action and the digital data 

templates use for the situation of two different Built 

Environment scenarios. The Digital Building Logbook 

concept is used as the “information vault” through the 
construction life-cycle and is used here to introduce the 

overall conceptual framework. 

Considering a new project/construction process, the 

DDT’s are called to support specific construction 
products/elements data becoming DDS and following a 

part of the AIM alphanumerical information. During the 

handover phase, the Logbook assumes the role of 

information vault/container with several layers supporting 

all kinds of information. On the edge, it can become part 

of the DTC system or eco-system with traceability and 

update routines, contributing to the update of the Material 

Inventory that will, in a certain moment of the life-cycle, 

be called either in the case of a refurbishment or for the 

deconstruction process. 

A similar situation, and the one that is expected to 

happen the most, is the case of an “old”/existing built 
object facing a refurbishment or a deconstruction process. 

The digital data relating to these cases is often none 

and most times the paper/other formats available 

information is not sufficient. Facing a waste audit, the 

material inventory will be developed from scratch. In these 

cases, if the waste audit guideline could point to the use of 

DDT, even without all the values, these structures would 

suit for the purpose of the waste audit itself and also for 

the case of products/elements to be re-used or recycled. 

 
Figure 3: Waste Audit action based on Data Templates for New BE objects and Existing BE objects (V1.0) 

 

 
Figure 2: Circular Economy built on Digital Transformation and Environment and Sustainability goals. 
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At this point, it is important to distinguish also if the 

built object is going to be deconstructed or refurbished. If 

it is the second case, the use of DDT will support the 

development of the Building Logbook. Figure 3 provides 

a conceptualization of how the processes can run for both 

types of situations; new projects and existing built objects. 

It is also important to highlight that the adoption of 

Digital Data Templates can introduce benefits in many 

other processes besides waste audits. Through the 

organization of the data in a standardized way, it is 

possible to streamline other processes in other phases as 

sustainability assessments during design, simulations, and 

so forth.  

Following a data-centric perspective applied to a 

circular construction life-cycle, it becomes clear the 

essential role that DDT must play. The conceptual 

framework presented in Figure 4 evolves from all the 

elements and concepts presented. The Environmental 

Product Data (EPD) and the CE mark values constitute 

layers or groups of properties of the Data Templates, as 

well as some of the waste audit information requirements, 

do. LEVEL(s) is a sustainability assessment as LEED or 

BREEAM that uses products/elements values, meaning 

values from different DDS under DDT’s. 

SUMMARY 

The AECOO is being called to build smarter and more 

efficient built objects. Underlying, there are challenging 

requirements to be accomplished as the Digital 

Transformation of the construction value-chain and 

Sustainability and Waste goals, both for new or existing 

built objects construction processes. 

 
 

Figure 4: Circular Construction Life Cycle Information Flow Conceptual Framework (V1.0) 
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As evidence, it is important to align the communication 

to highlight how digitalization and environment strategies 

can work, evolve together and support each other, 

promoting more circular and efficient practices. 

The waste audit action was used to deliver a conceptual 

approach of a relevant improvement that can be achieved 

if both challenges are approached from a combined point 

of view. The novelty was to perform this kind of approach 

using Data Templates (understood as DDT’s) across the 
value-chain and the Digital Twin Construction and Digital 

Building Logbooks concepts to assure the production, 

storage and traceability of the construction-related 

information to be available at the moment of 

deconstruction or refurbishment, feeding and fulfilling 

most of the waste audit requirements, as they are now 

established in the guidelines.  

Considering the outcome, a similar approach was 

introduced for the situation of existing built objects where 

before refurbishment/deconstruction and through the use 

of DDT’s the data that is possible to collect will be ready 

and in the right format to support the characterization of a 

product/element/systems that will be reused, recycled or 

disposed in the landfill. 

In addition, a conceptual framework based on the 

construction life-cycle was developed evidencing the 

different phases, the processes, groups of properties and 

strategic actions such as LEVEL(s).  

These frameworks constitute the basis for future 

studies to prove how several elements working together 

can provide interesting outcomes, both in recent or future 

construction processes as well as on processes working 

with existing built objects. Specific case studies involving 

data sheets exploring further the data flows and the 

information exchanges through the life-cycle are a goal. In 

regards to building logbooks, the research will address the 

requirements to foster and streamline the relationship 

between these tools and Data Templates. 
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ABSTRACT 

The construction industry is an important economic 
sector. But losses according to produced defects during 
the construction execution are enormous. The 
digitalisation in the construction industry is growing and 
has a great potential to improve execution. By now, digital 
methods like BIM are primarily used in the planning 
phase. In the construction execution, especially in the 
management of qualities are analogous or document-
oriented systems state of the art. These systems usually 
focus on the management and correction of defects. The 
monitoring of construction quality, including the 
prevention or detection of defects, is neglected. The 
following paper will overview past and current research 
activities in quality management in construction 
execution by a systematic literature review. This review 
enables further research and improves research activities 
lasting. 

INTRODUCTION 

Problem definition 

Quality problems are an accepted part of the construction 
execution. Multiple insurances publish reports about the 
negative trend of construction quality. A study by the 
Institute for Building Research shows that between 2009 
and 2016, 89% more defects occur in one-and two-family 
houses in Germany (Helmbrecht et al. 2018). According 
to a report by the VHV (Vereinigte Hannoversche 
Versicherung) insurance, 70 % of the insured events can 
be traced back to the execution of construction work, and 
only 10% of the damages can be attributed to planning 
services. (Böhmer H. et al. 2020). The insurance company 
Allianz AG also publish that defect construction products 
and missing or insufficient quality controls are the most 
frequent source of building damages (Allianz AG 2019). 
These examples show that the construction industry is far 
from error-free construction production.  
On the other hand, digitalisation in the construction 
industry increases continuously. Especially the usage of 
digital information models like building information 
models (BIM) has grown. By now, the usage of digital 
methods is focused on the planning and utilisation phase. 
Roland Berger's survey investigates a missing awareness 
of the importance of digital data, access and connectivity 
in the production phase and quality management of 

construction projects (Berger 2016). It becomes clear that 
digital information models have the possibility to improve 
quality management in the execution (Chen und Luo 
2014). But these methods are not commonly used in the 
construction execution or are usually limited to the 
company itself. 
This leads us to the following reason for quality issues. 
The construction industry is fragmented, and construction 
companies operate in information silos (Zhong et. al. 
2012). The isolation results in missing or erroneous 
communication, higher effort in information acquisition 
as well as defect. In the case of quality, information silos 
indicate missing product and process requirements 
exchange and defect prevention, determination, 
communication as well as solving.  
To achieve better quality management, it is necessary to 
leverage the project level's point of view. Due to the fact 
that the overall quality is the sum of all qualities delivered 
by the construction companies and suppliers. It is 
necessary to implement a data model for quality-related 
stakeholder of a project to break down information silos 
and connect information over multiple project 
participants according to quality. To achieve this, the 
project participants must connect quality-related 
information over multiple construction domains like BIM, 
schedules, machinery data, site documentation or 
regulations (Marsden 2019). In addition, this kind of 
system will break down information silos (Lee et al. 
2016). It will also increase the transparency between the 
project participant and increase quality, the trust of 
subsequent work, and the customer's approval. 
This paper aims to analyse the current state of digital and 
project-related quality management in the construction 
execution phase. The focus is on information systems that 
distribute quality-related information. We will not handle 
methods of defect recognition on the construction site. For 
the recognition, it is of interest how data are stored and 
used in the quality-related information's systems. 

Project-related construction quality management 

According to Bach and Bargstädt controlling can be seen 
as the triangle out of time, cost and quality. 
During the project, the importance of time, cost and 
quality for the owner will change continuously. In the 
phase of execution, time and quality are essential, and 
quality and cost become the most important factors in the 
handover.  

QUALITY MANAGEMENT IN THE PHASE OF CONSTRUCTION EXECUTION 

BASED ON BUILDING INFORMATION MODEL-A REVIEW 

 
Sebastian Seiß and Hans-Joachim Bargstädt 

Bauhaus-University Weimar, Weimar, Germany 
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Figure 1: Trias of cost, time and quality 

 

All three criteria have to be in the right balance during the 
whole project. Comparing the three factors, quality is the 
criteria with the wide-rangest impact (Bauch und 
Bargstädt 2020). 
Quality represents the divergence between desired 
properties and the actual properties of a product. 
According to DIN EN ISO 9000:2015 11, quality is 
understood to be the "degree to which a set of inherent 
characteristics of an object fulfils requirements". 
Costumer, companies, or authorities can specify the 
requirements. Requirements are based on specification, 
standards, norms, administrative orders, or individual 
customer and company requirements (Girmscheid 2014). 
The quality can be divided into the product- and process-
related quality. The process quality aims to prevent 
defects and to assure quality. The output results from the 
sum of processes and can be a product or a service 
(Helmus und Offergeld 2012). The product quality is, 
therefore, the result of the process quality. If all 
requirements are met during the process, the product 
quality will be high. In other words, a high process quality 
results in high product quality (Girmscheid 2014).  
Quality management serves the management of quality 
and is divided into the four areas of 1) quality planning, 
2) quality assurance, 3) quality control, and 4) quality 
improvement (DIN EN ISO 9000:2015 11). The 
construction quality describes the fulfilment of the 
building compared to a described condition. The paper 
focuses on project quality management (PQM) for the 
construction execution phase. The PQM is focussing on 
meeting the client requirements during the project. The 
QM-Concept, including the QM-Plan, will determine the 
client's processes, responsibilities, or actions to meet the 
project requirements and control quality during the 
construction execution (Girmscheid 2014).  
During the project construction managers and other 
project participants need to recognise negative trends like 
defects or quality problems as soon as. This enables the 
controlling to take action against the trend and minimise 
the negative impacts on the whole project (see Figure 1). 
Controlling actions like target-actual comparison have to 
be done punctually and interpreted according to the final 
project stage (Berner et al. 2009). Controlling activities 
must be done by self-monitoring or external monitoring. 
External monitoring can be done by third party 
inspections or customer-oriented inspections (Kim et al. 
2008). These can be authorities, laboratories, auditors and 
other instances. Especially construction material like 
concrete with high exposure classes requires external 
monitoring by laboratories (DIN 1045-2). A further 
controlling mechanism on the construction site is 

controlling by subsequent works. These have to check the 
work of the preceded discipline because they want to 
continue on the prework. Because controlling is a multi-
participant task for all project stakeholders, team-based 
and transparent quality controls are necessary to assure 
and achieve required product qualities. 
 

 
Figure 2: Effects of delayed and timely quality control 

measures adapted from (Berner et al. 2009) 
 

Semantic model and rule checking 

The basis for understanding quality management systems 
is the grasp of the method of compliance checking. The 
compliance checking, especially in rule checking, can be 
described in two layers (see Figure 3) (Pauwels und 
Zhang 2015). 
The first layer is represented as the semantic model. The 
semantic model is based on a schema or concept, which 
defines the contained objects, relations and properties.  
The schema follows mostly a class hierarchy and builds 
up relations between different classes. In addition to the 
semantic model, also instances are necessary to do 
quality-related checks. Instances are objects representing 
a real-world statement of a class according to the schema 
in the semantic model (Staud 2015).  
 

The second layer is represented as the rule layer, and it is 
responsible for checking or planning quality-related  
 

Figure 3: Interaction semantic model and rules 
 

Semantic model 

Rules

Hard coded Query 
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Rule 
language

Page 407 of 438



controls. The rule implementation can be done as 1) hard-
coded, 2) querying or 3) rule language. Each of these 
implementations has its strengths and weaknesses (P. 
Pauwels und S. Zhang 2015). For instance, hardcoded 
rules are like a black box and cannot be easily understood 
by non-experts or are mostly hidden for the user. On the 
other way, queries and rule languages are more or less 
white-boxes. This means that non-experts can understand 
the content of the rule. So the user knows what and how 
the rule is working. Figure 4 illustrates the principle of a 
white- and black-box implementation of rules (Borrmann 
et al. 2018). 
 

Figure 4: Black-Box and White-Box methodology for rule 

implementation (Borrmann et al. 2018) 

 

Further interesting is the process of compliance checking. 
The process of checking is based on the translation of 
rules in a machine-readable language. Based on this, the 
rule's execution can be done concerning the instances of 
the schema for quality information. Finally, the results of 
rules execution, in our case, the quality checking or 
planning, have to be represented. This process is 
illustrated in Figure 5, adapted from Eastman et al. 
 

Figure 5: Process of quality compliance checking adapted 

from (Eastman et al. 2009) 

 

Quality information model 

The described interaction between a schema and defined 
rules has now specified to project-related quality 
management in the construction execution. The quality 
information model will share all quality-related 
information between the project participants. According 
to Marsden, digital quality information models have to 
handle four information elements: people, materials, 
processes, and machines. Controlling these topics by 
information management, the overall performance can be 
optimised (see Figure 6) (Marsden 2019).  

 

Figure 6: Four elements of a digital quality management 

model (Marsden 2019) 

 

Figure 6 illustrates that the self's quality depends on many 
different domains and can not be seen as a closed 
environment. Without the different domains included in a 
quality information model, it will not be possible to 
evaluate and control quality properly. Marsden writes that 
the quality information model will be the foundation for 
rule-based quality assurance and quality control. 
By now, information system in the construction industry 
focus on the description of the construction. The BIM 
methodology's further development increases information 
exchange formats for the digital building model like 
Industry Foundation Classes (IFC). Information models 
for the construction execution are not standard and are 
limited to the cost and time implementation into the BIM. 
Also, the exchange of problems and issues is standardised 
for the planning phase by bim collaboration format (BCF) 
but not for the execution phase. 

METHODOLOGY AND SCOPE 

As research methodology, a systematic literature review 
is chosen. The review will provide an overview of the 
research question:  

How to improve the project-related quality of the 
construction execution by digital process and 
quality information models?  

The paper will outline research activities for quality 
management in the construction execution using product 
and process models, like building information models. 
The construction execution is including the two process 
steps 1) work preparation and 2) work execution, which is 
relevant in the project-related quality management 
system. Therefore, we describe the process steps of 
quality management in the construction execution (See 
Figure 6). The process for quality management in the 
execution phase is defined by work preparation (blue) and 
execution (red). Single activities illustrate the process 
steps of each phase. The process steps quality record to 
control measures can be seen as a Plan-do-check-act-
(PDCA) cycle, which must be repeated until the quality is 
according to the requirements or the quality is accepted. 
In addition to the categorisation, the current state of 
knowledge, as well as research gaps, are revealed. The 
research is limited to the last ten years' research activities 
and databases of the journal archive of Elsevier, Taylor & 
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Francis, and Google Scholar, ResearchGate and 
SpringerLink.  
The abstracts of the papers were used to categorise the 
articles according to the research question, which was 
supported by an in-depth literature analysis. References in 
the literature were also taken into account.  

RESULTS 

The following chapters represent the research results. 
First, an overview of current research activities is given. 
Further analysis is done based on the overview, according 
to the deducted categories of processual view, quality 
model implementation, and rule implementation. 

Overview 

Based on the literature review, we could find 13 relevant 
research papers. The papers are structured according to 
the process category and the research focus in Table 1. 
Most research activities, according to construction 
quality, are made in eastern Asia. Mainly research 
institutes in the field of construction management focus 
on quality management.  
All in all, 9 of the 13 published papers are written by 
authors in China and two by authors in Korea. We 
conclude that quality control and assurance is mainly 
focused on Asian countries. The research activities also 
changed over the years. In the year 2018 occurred higher 
research activities than in the years before. 
It becomes clear that the research on quality management 
in construction execution is limited. The rare research 
activities on quality management could be based on 
limited warranties for construction products as well as the 
lack of customer loyalty associated with one-off 
production. 

 Processual view  

The following research is described in a procedural view 
of quality management and the implementation of the 
quality management systems in the process. As a result of 
the study, the paper's primary focus is related to the 
execution phase. Rear papers handle the work preparation 
phase. This becomes clear by the list of publications in 
both areas. The execution phase is handled by 12, and the 
work preparation is handled by 4. 

Work preparation 

The phase of work preparation is handled related to the 
process of planning quality controls. Martinez et al. 
describe an ontology-based model in their paper that can 
select and connect information of standards of Quality 
Control Specifications based on BIM. The developed 
ontology model consists of three main modules 
representing the product, i. e. construction-oriented 
product ontology, manufacturing-oriented product 
ontology and quality control ontology. In order to 
populate ontology with BIM data, the ontology model is 
saved into RDF file (Martinez et al. 2019). 
Zhong et al. (2012) developed a quality management 
system, including control planning and quality 
compliance checking. Control planning includes the 
axioms which quality controls have to be done according 
to which process steps. The axioms will create new 
instances for controls that can be used or support the site 
engineer to check all required quality regulations. The 
paper does not present implementation on who, when and 
with which methods (Zhong et al. 2012).  
Chen and Luo (2014) give another approach. In his 
concept, he develops a 4D-BIM based quality 
management system. The 4D-BIM is used to identify 
quality control criteria and to investigate responsibility 
requirements  (Chen and Luo 2014). Also, Ma and Chai 
derive inspection task by an IFC model and a hard-coded 
algorithm. The system-based inspection task planning 
method reduced the time for inspection task planning to 
1/8. This paper shows directly that significant 
improvement can be achieved in the work preparation 
phase (Ma et al. 2018).  
The whole literature treats the predictive problem analysis 
inadequately. The planning of quality controls is done in 
different approaches like described before. The 
implementation of quality control planning is directly 
related to quality recognition and quality compliance 
checking. None of the papers fulfils the requirements on 
planning quality controls by who, how, which, what 
quality controls have to be done. By now, no research 
activity joined the different approaches to define quality 
checks in detail.  

Figure 6: Process diagram of quality management in the construction execution phase 

           

        

        

            

                

             

        

           

        

             

            

        

            

          

               
        

         

            

        

             

     

               

                

         

           

     

     

   

   

     

Page 409 of 438



 

No Name of the paper Year Autors Pro-

cess 

Research focus 

1 

 

Developing an IFC-Based 
Database for Construction 
Quality Evaluation 

2018 Xu, Zhao; Huang, 
Ting; Li, Bingjing; 

Li, Heng; Li, 
Qiming 

E Evaluation of quality-related data by an IFC-based 
relational database, extended by quality data and a 
neural network. The evaluation is not performed on 
a single defect but on the entire project. 

2 Application of BIM on 
Documenting Construction 
Defects 

2018 Cheng, Ying-Mei E Development of a tool in Revit for quality 
recording and compliance checking. 

3 Building Information Modeling 
for Quality Management 

2018 Cheng, Ying-Mei E Focus on checking mobile recorded quality data. 
Usage of Revit API and Access to store and check 
quality. 

4 Integrating BIM and LiDAR for 
Real-Time Construction 
Quality Control 

2014 Wang, Jun; Sun, 
Weizhuo; Shou, 

Wenchi 

E Recording and evaluation of drone data in relation 
to product quality. Limited to geometrical control 
of quality. 

5 Developing construction defect 
management system using BIM 
technology in quality inspection 

2016 Lin, Yu-Cheng.; 
Chang, Jun-Xiong; 

Su, Yu-Chih 

E Development of a defect management system on a 
web-based portal for mobile application. Defect 
recognition and manual checking on and off-site. 

6 A framework for proactive 
construction defect 
management using BIM, 
augmented reality and 
ontology-based data collection 
template 

2013 Park, Chan-Sik; 
Lee, Do-Yeop; 

Kwon, Oh-Seong; 
Wang, Xiangyu 

E Proactiv defect and quality management tool, 
System is based on an ontology and saves defects 
by a template. Also, AR is used to support 
inspections and to check defect corrections. 

7 A linked data system 
framework for sharing 
construction defect information 
using ontologies and BIM 
environments 

2016 Lee, Do-Yeop; Chi, 
Hung-lin; Wang, 

Jun; Wang, 
Xiangyu; Park, 

Chan-Sik 

E Develop an ontology for quality management, 
integrating BIM to store and check recognised 
qualities on the construction site against SPARQL 
Queries requirements. 

8 Ontology-Based Approach for 
Automated Quality Compliance 
Checking against Regulation in 
Metro Construction Project 

2012 B.T. Zhong, H.B. 
Luo, Y.Z. Hu, and J. 

Sun 

W, 
E 

Implementation of a quality inspection system 
based on an ontology, as mentioned above. 
The similar implementation is done to another 
project. 

9 Ontology-based semantic 
modelling of regulation 
constraint for automated 
construction quality compliance 
checking 

2012 Zhong, B. T.; Ding, 
L. Y.; Luo, H. B.; 

Zhou, Y.; Hu, Y. Z.; 
Hu, H. M. 

W, 
E 

 

Definition of a quality ontology to plan store and 
check quality-related inspection. The SWRL rule 
language does the compliance checking of recorded 
inspection data. The model does not include BIM 
or specifications. 

10 A Web-Based BIM–AR Quality 
Management System for 
Structural Elements 

2019 Mirshokraei, 
Mehrdad; Gaetani, 

Carlo Iapige de; 
Migliaccio, 

Federica 

E Using a 4D and IFC BIM to derive requirements, 
time, responsibilities for control activities. Quality 
data is stored in a relational database. AR do the 
quality checks, and the results are linked to the 
database. Checking and evaluation are done 
manually. 

11 A BIM-based construction 
quality management model and 
its applications 

2014 Chen, LiJuan; Luo, 
Hanbin 

W, 
E 

 

Quality management system combines a 4D model 
with a company's POP (process, organisation & 
product) model to improve communication for 
defect elimination. Inspection templates are linked 
to BIM, completed by on-site da and checked 
manually. 

12 Construction quality 
management based on a 
collaborative system using BIM 
and indoor positioning 

2018 Ma, Zhiliang; Cai, 
Shiyao; Mao, Na; 

Yang, Qiliang; 
Feng, Junguo; 
Wang, Pengyi 

W, 
E 

 

Development of quality-related collaboration 
system in combination with indoor positioning. 
Algorithms generate inspections task; inspections 
are visually supported by a positioning system. 
Visualisation of inspection results by bubbles, 
Manuel check and interpretation of inspection 
results. 

13 Automatic Selection Tool of 
Quality Control Specifications 
for Off-site Construction 
Manufacturing Products: A 
BIM-based Ontology Model 
Approach 

2019 Martinez, Pablo; 
Ahmad, Rafiq; Al-
Hussein, Mohamed 

W The Ontology selects automatically quality control 
specifications of companies or organisation 
according to the requirements defined in the BIM. 
SPARQL queries derive the standards. 

Table 1: Overview of relevant research paper (Process: E-Execution phase, W-Workpreparation) 
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Execution phase 

The quality management systems considered publications 
focus mainly on the three processes of quality recording 
compliance checks and report creation. A different 
approach like scans does the recording of data with drones 
(Jun et al. 2014), mobile end devices including augmented 
reality applications (Li et al. 2016, Mirshokraei et al. 
2019) (Park et al. 2013) or indoor positioning (Ma et al. 
2018). In addition to recording quality-related data, the 
storage in a data model is handled by all papers related to 
the phase of construction execution. Further information 
about "how quality-related data is stored" will be 
discussed in the following chapter. The other process step 
in the reviewed papers is the check for quality compliance 
with regulations or the BIM. This step is done manually 
or automatically by executing rules. The manual 
approaches use predefined checking templates and the 
BIM product requirements to evaluate the user's quality. 
Also, it is possible to use the proposed systems for manual 
problem reasoning and define control measures. The 
monitoring and visualisation of quality problems are not 
further considered in this literature review.  
The approaches, including BIM, aim to track defects and 
the compliance checking of quality related to the BIM 
information. If the given alphanumeric information, also 
denoted as Level of Information or the geometrical detail 
denoted as Level of Detail of a BIM is insufficient, the 
recording of defects is impossible (Lin et al. 2016). So, it 
becomes essential to describe the necessary data of quality 
assurance and control in BIM exchange requirements. 
In addition, we found a lack of knowledge in the 
execution phase; the papers do not handle the process step 
of plausibility check. The plausibility will allow the 
system if monitoring results of the construction site are 
realistic to monitor. Furthermore, the analysis has shown 
that processes for solving problems or controlling 
measures and determining the causes of quality problems 
were not dealt with in the papers. Thus, when a deviation 
is possible, systems can identify where or what caused the 
problems. An example from the concreting process is the 
formation of gravel pockets in a wall. There are different 
reasons for gravel pockets. One cause could be incorrect 
compaction of the concrete; these deviations could be 
specified more precisely using process data and product 
data. Based on the identified defects as well as causes, the 
project participants can propose control measures 
punctual. Such knowledge-based processes represent 
enormous potential and development opportunities in the 
field of quality management. 
Also, a general focus on multiple projects is missing. 
None of the research papers postpones a quality 

management system that can save defects, reasons, and 
solutions for multiple projects and use this information for 
further analyses. So, past projects' knowledge is not used 
to do predictive analyses and break down knowledge 
silos. All in all, we can determine that the execution phase 
is further developed/more research done than the work 
preparation phase. 

Quality model implementation 

The analyses of the quality models' implementation are 
done in two approaches 1) relational databases and 
2) ontologies. In this review, five of the 13 papers have 
used ontologies and the other relational data models. All 
created quality management systems are unique and were 
created for the respective paper. There are differences in 
each of these data models due to the different thematic 
focus of the papers. Differences occur related to if and 
how standards, product and process requirements, inspec-
tion and monitoring data are stored and related.   
Basically, the model shown in Figure 7 can be considered 
as a basic model of quality management systems in con-
struction. The model is based on four domains 1) the 
product requirements describe the construction for 
example, by a BIM or the requirements according to 
materials, 2) the process requirements are described 
according to the task like time constraints, machine 
requirements or worker requirements, 3) the quality 
recording describe the information retrieved by the con-
struction site, 4) the quality evaluation describes the 
standards or specification, which are used to evaluate rec-
orded inspection data against requirements. In each 
observed system is the minimum one of the requirements 
and one of the other two domains implemented. There-
fore, not all domains have to be implemented to call about 
quality information system. For example, (Martinez et al. 
2019) implemented standards related to product require-
ments. The most implemented domains are the product 
requirements and the Site information domain.  
In the papers of Mirshokraei M. (2019), Xu Z. (2018), and 
Chen L. (2014) is the IFC added by the quality 
management domain and implemented in a relational 
database. This approach has the advantage that the 
product model and process model are already defined and 
used for further approaches. It proves advantageous to 
include quality-related data in the IFC, especially for the 
construction execution. Other applications proposed in 
the papers directly use the internal product models of the 
systems like Revit and extend the tools by quality-related 
function data models.  
An issue of the ontology approaches is the missing usage 
of predefined ontologies or other usable ontologies like 

Figure 7: Related domains of quality management systems 
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the Industry Foundation Classes Web Ontology Language 
ifcOWL. Other possible construction-related ontologies 
are the Digital Construction Ontologies (DICO), 
Semantic Sensor Network Ontology (SSN) and the 
defined ontology of Zhong et al. (2012). Also, the 
opportunity to link monitoring data to ontologies is not 
used. However, linked-data methods can fix 
interoperability issues in the construction execution and 
break down data silos (Pauwels et al. 2017). Monitoring 
data are highly dynamic and can be reported by various 
sources. We should further investigate the exchange of 
information between the monitoring systems and quality 
management systems. Besides, further investigations are 
necessary to evaluate how monitoring data of the 
construction site is exchanged between the systems? 

Rule implementation 

The quality standards and criteria are implemented in 
three ways: 1) hard-coded, 2) queries, or 3) rule 
languages. A problem mentioned by Chen and Luo is that 
quality criteria focus on national, industrial and local 
quality control codes for construction (Chen and Luo 
2014). They recommended defining rules in a user 
friendly and white-box approach, enabling non-experts to 
implement rules in the system.  
Most of the research papers used hard-coded rules imple-
mented directly in the application and cannot be under-
stood by the user. Other researchers like Lee et al. (2016) 
and Martinez et al. (2019) used the query language 
SPARQL to query specifications or check for compliance. 
A rule language is just applied by Zhong et al. (2012). 
Zhong used the rules for quality checking and inspections 
planning, e. g. if a process task is defined, also an 
inspections task has to be defined.  
In the reviewed research papers, three focus on rules 
according to grouting foundations, in compliance with the 
norm GB50202-2009. Also, technical quality standards 
against general concrete work are common in the research 
papers. Quality checking, according to earthwork or 
craftsman specific tasks like electricity or plumping, are 
missing.  
The rules' execution to check tracked information and 
prepare controls or reason problems depend hardly on the 
information proposed by the BIM. Building parts not 
described by a building information model cannot be used 
as quality control requirements. An example is temporary 
elements, like Formwork, scaffolding. These elements are 
necessary for the construction process quality are not 
provided by design-oriented BIM (Chen and Luo 2014). 

CONCLUSION 

The literature overview illustrates different variants of the 
implementation of a quality management system for the 
construction execution. The variants of implementation 
can be structured according to the information model, the 
applied rules, and the process steps these management 
systems focus on.   

We have demonstrated that many solutions are emerging, 
and especially new monitoring procedures for defects 
have been implemented together with an individual 
information model. However, the constant development 
of new data models for quality management is a waste of 
research activities. A way has to be found to provide a 
data model representing a master data model on which the 
participants can build new monitoring models upon. 
The standard method to implement a quality system was 
to use BIM as IFC and connect the model by a graphical 
user interface (GUI) with a relational database. The 
database contains quality-related information like 
standards or reports. 
The presented paper provides a research background for 
the subsequent studies to develop a new conceptual model 
for a project-related quality management system. It 
becomes clear that further developments in the planning 
of quality controls, predictive quality problem analysis, 
plausibility checking, reasoning, and quality measures 
have to be done. Following research activities have to 
focus on these process steps. Especially the usage of 
quality-related data over multiple projects and multiple 
project participants can improve predictive quality 
analyses, controlling measures and generally the view on 
quality. This will turn the current, mainly reactive quality 
management into proactive quality management. 
Furthermore, quality management must leave the 
company's point of view and be applied to the whole 
project and its participants to share information and 
improve communication. 
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ABSTRACT 

Extending current work on visualization in the 
Architecture, Engineering, and Construction (AEC) 
sector, this paper describes an industry-led collaborative 
research and innovation project to develop and use a 
control room on the construction site. The work is inspired 
by NASA mission operations, with its large-scale visual 
display. It addresses the challenges of visualizing real-
time construction data. Working with a main contractor, 
technology companies, and other researchers, we first 
give an overview of the progress of the overall project to 
date and discuss our contributions on requirements, real-
time simulation of construction data, and visualization. 
We conclude by discussing the contribution to work on 
visualizing construction.  

INTRODUCTION 

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 control room on the construction site.  

The state-of-the-art in virtual and augmented reality is 
now beginning to explore the potential to show data in 
real-time, and advocates work with industry to develop 
technologies that meet AEC needs (e.g. (Nikolic et al., 
2019, Davila Delgado et al., 2020, Zhang et al., 2020)). 
There is a broader understanding that how the information 
is displayed affects decision-making (Tufte et al., 1998). 
Nevertheless, the results are not always media-specific 
(Leder et al., 2019), with transitions across media also 
impacting the sense of presence or immersion 
(Smolentsev et al., 2017). While significant progress has 
been made in applying advanced visualization methods to 
construction, as this has mainly through academic work in 
the laboratory and industry exemplar cases, there is 
relatively little understanding of visualization 
complexities at the construction site. There is a small but 
growing trajectory of work that is beginning to work with 
practitioners in an engaging way to examine the take-up 
and use of visualization technologies in the field (e.g., 
Maftei et al., 2019, Nikolic et al., 2019). 

Our work on the AEC production control room project 
contributes to this emerging trajectory of research, as we 
engage as part of a wider consortium tasked with 
developing a control room. Production management in 
construction is an information-intensive process requiring 
people at various operational levels in both construction 
site and office to communicate continuously and 
seamlessly (Dave and Sacks, 2020). This information 
includes product and process information (Sacks et al., 
2010). The product information is relatively well codified 
in modern construction in semantically rich information 
models such as Building Information Modelling (BIM) 
projects models, whereas process information is codified 
as precedence relationships (Soman and Whyte, 2020). 
Current representations of process information such as 
Gantt charts lack detail, do not show spatial conflicts, 
resource allocations, and do not reflect the dynamic nature 
of construction activities, thereby limiting its 
effectiveness (Dave and Sacks, 2020). ICT and 
visualization technologies have great potential to improve 
planning and production management in construction 
projects; however, current information systems should be 
extended to achieve it (Chua et al., 2013). Prior research 
has developed frameworks to enable real-time 
information flow between the construction site and 
construction digital twins for effective decision making 
(Dave et al., 2016, Soman and Whyte, 2017, Sacks et al., 
2020). Building on these frameworks, researchers have 
begun to develop collaborative visualization 
environments such as control rooms to visualize and 
interact with real-time construction information for 
effective production management (McHugh et al., 2019, 
Ezzeddine et al., 2020). 

In the next section, we provide a background for tools 
and techniques utilized in the construction sector to 
monitor and control the progress. In the following section, 
we give an overview of the AEC production control room 
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project, describing the progress to date and the challenges 
we have faced due to the global pandemic and changed 
ways of working through 2020. In the following,  
particular focus on requirements, real-time simulation, 
and visualization of construction data. We then discuss 
the contribution to the broader field of research on 
visualizing construction and conclude by describing 
implications for new directions for work on virtual and 
augmented reality. 

BACKGROUND 

Reporting on the progress of a construction project is a 
vital aspect of construction project control. Nowadays, 
several tools and technologies improve monitoring and 
control information and progress in construction sites. 
There are vision-based technologies such as 2D Image 
processing (Chi & Caldas 2011), Photogrammetry (Kim 
et al. 2011), Range cameras (Braun et al. 2016), 
Timelapse (Golparvar-Fard et al. 2007), and Laser 
scanning (Son et al. 2017). While, there are sensor-based 
technologies such as RFID (Moon & Yang 2010), GIS 
(Sonmez & Uysal 2008), distributed sensors (Soman et al. 
2017). Other researchers have resorted to earned value 
analysis, Artificial neural networks, and genetic 
algorithms (Akanmu & Zhang 2016).  

These technologies, tools, and techniques, coupled 
with mobile computing technology, can provide an 
environment where users can extract progress information 
from and input project information into the system. 
Despite the promises of these tools to provide intangible 
and comprehensive benefits in communication and labor 
utilization (Majrouhi Sardroud 2012; Taneja et al. 2011; 
Demiralp et al. 2012)., researchers argued that without a 
clear, effective visualization based on user requirements, 
these tools would not be beneficial (Bouchlaghem et al., 
2005, Abualdenien and Borrmann, 2020). 

A number of AEC companies are now exploring the 
control room concept to promote more collaborative uses 
of their dashboard solutions. The control room concept is 
not new to construction and has been explored by research 
groups on several occasions, such as CIFE iROOM 
(Fischer et al., 2002), the digital obeya room (Nascimento 
et al., 2018a), Mace lean construction control room 
(McHugh et al., 2019). These control rooms are media 

spaces in which very different forms of project 
information, principally the 3D plan of the structure and 
Gantt chart schedule, could be drawn together and 
visualized side by side. Crucially these applications were 
linked with custom interfaces so that the project’s data 

could be interacted with as an ensemble: filtering the 
schedule would update the view of the 3D model and vice 
versa, and both could be visualized according to the 
functionality provided by an independent time controller 
to provide integrated 4D views, but different design 
scenarios and solutions could also be visualized side by 
side at the same time. This enables human users to explore 
and identify the relationship between different project 
data. In our research, we go beyound that by identifiying 
new visualisng techniques and more datasets to explore. 

As Whyte and Nikolic note, Milgram and Kishino 
(1994) proposed a virtuality continuum categorizing 
mixed reality environments between the physical world 
and the virtual world (Figure 1). Within this spectrum is a 
range of environments that augment reality by adding 
virtual information to real places and augment virtuality 
by providing a physical context and setting to interpret 
primarily digital information. The control room provides 
a physical place where practitioners can come to a shared 
understanding of real-time digital data by utilizing a large 
collaborative data display with interactivity, where their 
mark-ups go straight into the database. 

RESEARCH METHODS 

The research is engaged scholarship (Van de Ven, 2007), 
through which the research team is embedded in the 
weekly meetings with the main contractor and technology 
providers. The authors’ contributions start with 

identifying key stakeholders on the three demonstrator 
projects, capturing and analyzing their data requirements. 
These are being systematically documented and analyzed, 
extending systems engineering methods, to guide the 

Figure 1: Simplified representation of a Reality-Virtuality Continuum adapted from 

(Milgram et al., 1995). 
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design of the construction Project Control Room, which 
will integrate the flow of input data from on-site hardware 
and proprietary software to display real-time data, 
analyses, and forecasts and enable predictive analytics.  

This ongoing work is also seeking to identify priority 
areas for the deployment of, and work on the development 
of, a predictive capability for better construction 
monitoring (building on Soman et al., 2020); and 
providing research input into the development of the 
database architecture as a data lake (not relational 
database) and demonstration of an approach to mapping 
cost and work breakdown structures that can be 
standardized.  

As a response to the increasingly distributed nature of 
the research and construction practice, we are also 
working with a student to extend this work to develop 
more intuitive methods of engaging remotely with the 
datasets using augmented reality to manipulate 3D models 
BIM-assisted construction activity planning. 

THE AEC PRODUCTION CONTROL 

ROOM PROJECT 

The Problem 

Currently, most construction projects report on out-of-
date data that is often days or even weeks behind the live 
status. This makes it very difficult to take proactive and 
impactful action as teams report on events that have 
already occurred and are beyond influence. This research 
proposes to build a scalable and repeatable 'plug-and-play' 
Control Room that displays a suite of preconfigured 
insights using real-time data, facilitating forward planning 
and collaborative decision making at the team, project, 
and portfolio levels. 

Other sectors such as retail, automotive, process, and 
industries have all been reliant on data-driven processes 
to enable supply chain management, lean manufacture, 
and process control. Users can track real-time changes 
and take proactive action based on the insights, such as 
comparing, in real-time, 'what was planned' versus 'what 
has been delivered', or tracking each element's status.  

Overview 

The 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. This digital project management platform will be 
accessible via physical site-mounted 'AEC Production 
Control Rooms' that will display a suite of preconfigured 
performance metrics using real-time data, facilitating 
planning and collaborative decision-making at the team, 
project, and portfolio level (Figure 2). A fourth HQ-
mounted Master Control Room will enable benchmarking 
across different projects remotely 

The project started in May 2020 with a duration of 24 
months. The expert team was bought together to blend the 
best of academic insight and private sector delivery 
experience. It includes Mace, who is leading and 
coordinating the project, academic input, and support 
from researchers at UCL and Imperial College London, as 
well as private sector support from 3D Repo, Mission 
Room, and eviFile. This industry-led innovation project 
was funded by the UK innovation funder, Innovate UK, 
and involves partners  

Progress to date 

At present, the team has established three projects that 
will act as demonstrators for the general approach, and 
technology is being installed, with the research team 
visiting and discussing requirements with project teams. 
We are currently engaged with two running projects that 
are using the production control room in their sites.  

While the AEC production control room project 
anticipated the team to be collocated, we have 
experienced new forms of in-person, hybrid, and remote 
organizing as a result of the global pandemic. Therefore, 
progress has been slower than anticipated given the 
associated challenges of accessing data and site through 
the various lockdowns, however, the construction sites 
continued to operate, and we have had the opportunity to 

Figure 2: Mockup of AEC production control room 
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take the construction control room into these two 
locations. As discussed further below, this increasingly 
distributed nature of work, the digital nature of the 
research, and the implementation of demonstrator 
projects. This has allowed the research team to reflect on 
the different forms of visualization and how they support 
decision-making in construction across different key 
actors’ configurations. 

REQUIREMENTS, REAL-TIME 

ANALYTICS, AND VISUALIZATION 

The authors seek to ensure this project is at the forefront 
of developments in data visualization, augmented and 
virtual reality and contribute directly to the project in 
three key areas: 1) identification of data requirements and 
collection of real-time site data from the site; 2) 
development of predictive capability for construction 
monitoring; and 3) development of data structures using 
linked-data for integrated construction project delivery. 
Figure 3 illustrates the system engineering approach 
adapted to effectively develop the system behind the 
production control room. The initial findings and the 
ongoing work is stated below. 

Identification of the needs and available datasets 

The research team engaged with weekly look-ahead 
planning meetings of the demonstrator projects to identify 
stakeholders and their requirements as well as to 
understand the workflows followed in these projects. 
These meetings aimed to coordinate the activities 
distributed among different subcontractors at the 
construction site. Most of the coordination happened over 
three shared resources 1) work zones, 2) deliveries, and 3) 
crane assignment. Work areas at the construction sites 
were divided into work zones and levels. Each 
subcontractor occupied a zone in a level, and the zone was 
released to another subcontractor. Therefore, it was 
necessary to coordinate and agree on the handover dates 
for different zones between different subcontractors. 

Similarly, delivery gates and laydown areas and tower 
cranes were shared between subcontractors, and the slot 

assignments for the same were discussed in these 
meetings. These meetings used a coordination room 
where the AEC production control room is proposed to be 
installed. Building on (Soman et al., 2020), work is being 
done to automate the detection of such conflicts in the 
look-ahead programme. Further, discussions with the 
project manager have led to identifying a requirement to 
develop a ticketing system to record actions from these 
meetings; some of the actions get lost after the meeting. 
When implemented, the AEC production control room 
would augment these meetings with real-time information 
about the project and conflict information for effective 
decision-making to capture meeting actions and assign 
them to relevant teams and sub-contractors.  

Main workflows to manage the production are 
provided for the subcontractors to submit their three-week 
look-ahead plan and their eight-week look-ahead plan to 
the main contractor for review. The main contractor then 
reviews the different plans submitted by the 
subcontractors, integrates it, and checks for clashes and 
conflicts using 4D BIM. Following this exercise, the 
conflict-free plan of work is given back to the sub-
contractors. An integrated plan is then discussed and 
agreed upon during the look-ahead planning meetings. 
One of the demonstrator projects was in its early stages of 
construction, with digital workflows being set up between 
subcontractors, whereas the second project had already 
got workflows for managing the production at the 
construction site. A key issue that was identified during 
this process is that there is no agreed template for the 
submission of plans from subcontractors. Further, the 
subcontractors' detailed plans do not have direct links to 
the master plan, making it challenging to track milestones 
and deliverables, resulting in data silos. This has led to 
identifying a second requirement to better connect the 

Figure 3: The adapted system engineering approach (Adapted from (Bucelli et al., 2020)) 
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master programme to the more detailed package 
programme submitted by subcontractors for effective use 
of control rooms. 

In addition to the workflows, one of the projects has a 
custom online reporting system to replace spreadsheet-
based reporting. This was developed to eliminate errors, 
such as data errors and redundancy. However, the data in 
this system was manually collated from several reports 
manually, and the information is not connected to each 
other, thus reducing its functionality. This issue has led to 
identifying another requirement for the control room to 
collate the data from the production to automate reporting 
so that the reporting platform will provide users with the 
ability to review the progress of project’s construction in 

real-time, providing senior management with the 
confidence that projects are either under control or in need 
of assistance. 

Gathering of available information 

There are multiple technological solutions that are being 
used in these projects. These include common tools such 
as Common Data Environment (CDE), BIM authoring 
tools, 4D BIM, Project Scheduling tools, and 
spreadsheets. In addition to these familiar tools, there are 
tools for project reporting from certain service providers 
as well as ones developed within the contractor’s research 

and development wing for managing deliveries, keeping 
track of attendance, and managing work areas. A 
significant issue with the current set of technologies is 
interoperability. Most of these technologies do not talk to 
each other, and the engineers on the project have to 
manually populate different technological solutions 
leading to inconsistencies in data (also observed in 
(Soman and Whyte, 2020)). This issue has led to the 
identification of data integration as one of the critical 
requirements for developing the control room.  

To achieve effective data integration and exchange 
between applications, the proposed solution should 
achieve both semantic and syntactic interoperability 

(Veltman, 2001). Syntactic interoperability solutions 
identify an agreed exchange format to transfer data, and 
semantic interoperability solutions identify a set of terms 
and data requirements to enable interoperation using the 
agreed exchange format defined by syntactic 
interoperability. Most of the research and industry 
applications into construction informatics have 
concentrated on developing technology-driven functions 
and applications to overcome the syntactic 
interoperability barrier rather than developing computable 
information requirements for better semantic 
interoperability (Farghaly et al., 2018). Even with these 
applications, syntactic interoperability solutions alone 
cannot ensure that real-time data integration could 
achieve the required expected benefits and results 
(Farghaly et al., 2020). Therefore, we have worked on the 
semantic interoperability aspect through identifying the 
available datasets and categorizing them based on the 
associated KPIs, and finally, develop the required links 
between the datasets (Figure 4).  

Proposed System 

The AEC production control room will mainly consist of 
three screens, and each screen will show specific datasets, 
and the level of details and information change based on 
who is in the room. The three screens are:  

• Dashboard screen: This screen presents a 
dashboard that monitors KPIs relevant to the 
strategic business goals and portrays the trend of 
the construction project’s performance at-a-
glance. Seven main KPIs were identified 1) 
construction deliverables and their status such as 
drawings, models, and material inspection reports, 
2) Issues raised and has a process to be solved such 
as request for information (RFI) and change 
orders, 3) Schedule status such as charts for 
planned vs. actual, 4) Safety and Inspections, 5) 
Labor productivity, 6) Deliveries to the 
construction site, and 7) Quality and closeout.  

Figure 4:: Different datasets and their relationships. 
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• 4D integration screen: This screen presents 3D 
models and associated activities represented in the 
Gantt chart. The activities would link the building 
elements in the 3D models and the SQL datasets 
represented in the dashboard format. This link will 
provide an environment to reduce the amount of 
time to extract information related to a specific 
element, activity, and the cause of effect of the 
delays to achieve a specific milestone. 

• Work Assign Response (WAR) screen: WAR 
screen sets up an environment for the ticketing 
system (as mentioned before). In this screen, real-
time captured data and the predicted weather for 
the next week are also visualized. 

Next Steps 

The ongoing work now analyses the different data 
collected from construction site planning meetings’ 
observation, interviews with end-user requirements. Once 
this is finished, a set of functional requirements and non-
functional requirements will be shared with industrial 
partners. The next step would be working closely with 
partners to develop an integrated systems environment 
where data in PowerBI, 3D Repo, and Powerproject will 
be semantically linked. Finally, the developed integrated 
system will be evaluated across the three construction 
projects.  

DISCUSSION: VISUALIZING 

CONSTRUCTION 

This work on the AEC control room is an example of 
augmented virtuality, situated within the spectrum of 
visual applications, from a completely real to a 
completely virtual world. It has implications for a range 
of other applications to visualize construction across this 
spectrum, providing insight into methods for identifying 
data requirements for real-time data and its integration. 
This is important for the study of virtual and augmented 
reality. Our experience of working on this large-scale 
visual display through the pandemic is that visual 
solutions increasingly do not stand alone. However, the 
underlying datasets become accessed by teams that are 
partially collocated, working with the large-room 
displays, but may also involve remote interactions. There 
is a growing need for research not to treat VR and AR as 
standalone solutions, but to unpack and explore the 
diverse configurations of visualization applications that 
are used across a broader landscape of decision-making. 
In our case, there are ongoing discussions about how to 
bring the insights of the control room to the participants 
working from home, through AR and VR, so that planners 
and BIM managers can view the control room while they 
are not on-site and as if they are in the weekly meetings. 
This vision would include adopting other technologies, 
such as the Tactile Internet (Na et al., 2020). 

CONCLUSIONS 

This research study contributes to visualizing 
construction in a number of ways. First, it shows the value 
of working with industry to develop and use a control 
room for visualizing real-time data on the construction 
site, drawing inspiration from NASA mission operations, 
with its large-scale visual display. Nowadays, open 
standards such as Industry Foundation Classes (IFC) 
provides an opportunity to link 3D building information 
models to future dimensions of data such as time, cost, 
productivity, and submittals progress. This provides 
opportunities for developing new technological platforms 
and establishes more effective ways of construction 
monitoring and control. Second, the production control 
room provides a physical setting in which the real-time 
datasets and software behind the data integration systems 
platforms can be interfaced with the practical work of 
construction on site. This robust environment can 
significantly improve the understanding of progress and 
future decisions.  
Third, this paper describes the latest developments in 
ongoing research concerning the development and 
implementation of production control in construction sites 
and our contributions on requirements, real-time 
simulation of construction data, and visualization. As the 
novelty of control rooms from a visualization perspective 
is the diversity of data presented in terms of data types, 
structure, and format, we have proposed an architectural 
interface for the control room to show all the end-users 
requirements. Fourth, we have developed the mapping 
between the different datasets to achieve these 
requirements. Future work would include mapping the 
different datasets using ontologies and evaluating the 
interface in workshops with the practitioners. This 
research study has implications for researchers working 
across various applications from the real world to the 
virtual world. It provides a unified vision for what should 
be in the production control room. This work can be used 
by VR and AR researchers in construction, both to 
develop work on large-scale display of real-time data, and 
to develop new insights into the increasingly diverse sets 
of visual interfaces across the collocated, hybrid and 
remote organization of construction work. 
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ABSTRACT 

Immersive technologies are being used to enhance the 
effectiveness and usability of BIM in the construction 
industry and multiple studies that test the usability of the 
developed prototypes exist in this domain. However, a 
structured usability test protocol for the use of immersive 
technologies is lacking. This paper aims to present a 
usability test protocol that is developed to measure the 
performance of a prototype, which is developed for a 
mixed reality environment in a building. The main steps of 
this test protocol are 1) cognitive walkthrough, 2) pre-test 
surveys, 3) usability test video recording 4) post-test 
surveys. 

INTRODUCTION 

Immersive technologies such as virtual reality (VR), 
augmented reality (AR), and mixed reality (MR) are 
recommended for more effective use of Building 
Information Modelling (BIM) in the construction industry  
(Rankohi and Waugh, 2013; Chu, Matthews and Love, 
2018).  

This area is related to human-computer interaction, 
which focuses on interfaces between users and computers 
and explores the design and use of computer technology 
(Shen et al., 2016). Usability tests are carried out to 
evaluate the effectiveness of human-computer interaction 
and to determine how much the developed system meets 
the user’s needs. In these tests, users evaluate the 
developed system in terms of multiple factors, such as ease 
of use, learning time, and error rate during task execution. 
The results indicate the effectiveness of the developed 
system and also the improvement requirements are 
identified for future works. In the context of human-
computer interaction and product development, 
standardized usability questionnaires include 
Usefulness, Satisfaction, and Ease of Use (USE), System 
Usability Scale (SUS), After Scenario Questionnaire 
(ASQ), Poststudy System Usability Questionnaire 
(PSSUQ), and etc.  

The use of a mixed reality environment where the user 
interacts with the virtual model has a great potential in the 
facility management phase, both for facility management 
personnel and for the occupants of a building (Irizarry et 
al., 2013; Chalhoub and Ayer, 2018). It is envisioned that 

the facility management personnel can access the technical 
and operational details of the building components at site 
and enter the related operation and maintenance 
information to the virtual model in the mixed reality 
environment (Yılmaz, 2020). On the other hand, the 
occupants can access some information related to the 
building components and enter some user feedback in the 
model, for example, feedback related to the performance 
of the building and building components (Ergen et al., 
2021). Various studies were performed to realize this 
vision and developed prototypes that were tested for 
usability by the users (Irizarry et al., 2013; Chalhoub and 
Ayer, 2018; Chu, Matthew and Love, 2018).  

In a recent study, (Chalhoub and Ayer, 2018) examined 
the use of mixed reality technology for the assembly of 
electrical elements in the construction phase  During the 
test, video recordings of the users were taken and a 
questionnaire study was conducted afterward. In another 
study, the users were asked to find the objects in the room 
in a virtual/augmented reality-based test environment and 
answer the questions about the relevant elements (e.g., 
"What is the last inspection date of the printer?") (Irizarry 
et al., 2013). During the tests, the duration of the 
participants to fulfill the tasks was measured, and a 
questionnaire was applied to the participants after the 
scenario. (Chu, Matthews, and Love, 2018) questioned the 
accessibility of the information about door and window 
elements in an AR environment by using markers on two-
dimensional layouts in a test. The duration to complete 
each defined task was measured and questions were asked 
about the quality of the interaction.  

The review of the existing studies demonstrated that 
the usability tests utilized for testing the immersive 
technologies do not include a systematic approach in 
questionnaire design. Besides, they are focused on the 
specific tasks of the technical personnel and thus they are 
not fully applicable to the occupants of the buildings. 
Moreover, a usability test protocol that is specifically 
developed for the users of the facility management phase 
in a mixed reality environment is lacking in the literature 
(Irizarry et al., 2013; Chalhoub and Ayer, 2018; Chu, 
Matthew, and Love, 2018).  

This paper aims to propose a usability test protocol that 
is developed to measure the performance of a prototype, 
which is developed for the users of a mixed reality 
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environment in the facility management phase of a 
building. To achieve this aim, a literature review was 
performed to investigate the existing usability test 
questionnaires used for product evaluation and human-
computer interaction and to identify the usability test 
protocols that are used in the domain. Based on the results 
of the literature review, a usability test protocol was 
proposed for the evaluation of mixed reality environments 
in the facility management phase. 

MIXED REALITY ENVIRONMENT 

In a mixed reality environment, virtual objects and/or data 
are attached to the physical environment and the users can 
dynamically interact with these virtual objects. In this 
environment, mixed reality technologies that are 
integrated with depth-sensing cameras, position tracking 
sensors, and indoor positioning techniques are used. 

The use of mixed reality technology has a great 
potential for facility management. With the help of mixed 
reality, users will be able to see the BIM model overlaid to 
the physical building components and interact with the 
BIM model effectively to access the information related to 
the building components and to enter information related 
to those components. The users in the facility management 
phase can be the technical personnel or the occupants of 
the building.  The technical personnel needs to access the 
technical and operational data, such as problems observed, 
the repair dates, repair actions related to a building 
component (Artan, Yılmaz and Ergen, 2018). Moreover, 
the expert facility managers in the head office can connect 
to the mixed reality environment seen by the technical staff 
in the field and will be able to support him remotely and 
point out important aspects. On the other hand, the 
occupants of the building can interact with the BIM model 
to enter their feedback related to the performance of the 
building and occupant satisfaction (Yılmaz, 2020). 

The studies associated with the use of immersive 
technologies in facility management and the use of human-
computer interaction are limited (Shi et al., 2016). Few 
studies examined the features that BIM models should 
have in virtual environments for facility management 
purposes (Iorio et al., 2011; Zou, Arruda, and Ergan, 
2018). Other studies focused on the use of augmented 
reality (AR) in facility management and periodic 
maintenance processes (Irizarry et al., 2013; Olbrich et al., 
2013; Ammari and Hammad, 2014). However, in these 
studies, the information and features that models should 
contain in terms of user interaction were not examined, 
mixed reality technology was not used and the 
effectiveness of user interaction was not evaluated. 

Since user interaction is prominent in studies using 
mixed reality, it is important to carry out usability tests 
evaluating the human-computer interaction of the 
developed systems and to make evaluations for the end-
user. However, there is limited work in this area both in 
facility management and other areas (Irizarry et al., 2013; 
Chalhoub and Ayer, 2018; Chu, Matthews and Love, 
2018). These studies do not include a systematic approach 

in the preparation of survey questions and only report 
general evaluations. Besides, the evaluations are focused 
on some of the steps performed by the technical staff and 
a comprehensive study of usability involving various tasks 
is missing. 

USABILITY TEST PROTOCOLS 

The usability test protocols that were used in the literature 
are investigated in this section under two categories. 

Cognitive Walkthrough 

The cognitive walkthrough is an assessment method that 
is performed by the researchers to investigate the 
interaction of the users with an interface through 
predefined tasks (Rieman, Franzke and Redmiles, 1995; 
Ball and Bothma, 2017). In this method, the main focus is 
on exploratory learning, which is defined as how well 
novice users can and cannot use the interface without any 
preliminary practice (Desurvire, Kondziela and Atwood, 
1992). This evaluation method consists of two stages: 
preparation and evaluation stage and are carried out by at 
least two researchers (Martínez and Bandyopadhyay, 
2014). These researchers are involved in the prototype 
design and are familiar with the user interface. During the 
preparation phase, one of the researchers defines the user 
profile and determine the tasks, sequence of task selection, 
and task-defining actions to be integrated into system 
design. This researcher is also familiar with the workflow 
and thus he/she can create tasks to test whether the 
workflow is progressing correctly. In the evaluation phase, 
the other researcher, who did not participate in the 
preparation stage, performs the tasks and the related 
sequential actions which are predetermined by the first 
researcher. This participant is assumed to be a novice 
because s/he does not know the purpose determined in the 
preparation phase and the task steps to realize the purpose. 
S/he will be expected to catch the errors and bugs in the 
application/prototype while performing the tasks. The 
main focus areas are 1) to verify that the interface menus 
are in the correct, complete and desired order, 2) to test 
whether there are any system errors, and 3) to determine if 
the visual design is correct and the visual elements are 
placed properly on the page and 4) loading time. The check 
list is generally dependent on the prototype, but there are 
some standard items to check, for example,  "Is the logo 
clickable?", "Is the forward button active?", "Is the user 
name asked when logging in/opening the system?".  
During this process, the researcher who defined the tasks 
before records the second researcher’s behavior (Krug, 
2000; Rogers, Sharp and Preece, 2011). The participation 
of real users in usability tests and freely discovering the 
prototype takes place in the further steps of the protocol.   
The data that is collected in the study is analyzed to 
evaluate the usability of the developed system and to 
detect the problems (Molich and Dumas, 2008; Rogers, 
Sharp, and Preece, 2011). This method can be summarized 
under four stages in the usability test protocol (Wang, 
2008): 
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(Artan, Yılmaz and Ergen, 2018)

(Yılmaz, 2020)

second researcher’s 

• Researcher 1 sets a goal to be achieved 
(preparation stage). 

• Researcher 2 searches the interface for available 
actions (evaluation stage). 

• The user selects an action that seems likely to 
progress towards the goal (evaluation stage). 

• The user takes the action and checks whether the 
feedback indicates progress towards the goal has 
been made (evaluation stage). 

Another method that is generally used at this stage is 
to think-aloud, and the researcher is asked to explain 
his/her thoughts during the actions he takes (Shneiderman 
and Plaisant, 2010). In this way, objective data collected 
from behaviors and thoughts can be combined when 
analyzing the recordings. Finally, the researcher can be 
questioned at the end of the study to obtain subjective data 
(Shneiderman and Plaisant, 2010; Fernandez, Insfran and 
Abrahão, 2011; Rogers, Sharp and Preece, 2011).  

Subjective data from video records and objective data 
from questionnaires are combined to list the problems of 
the prototype. These problems can be grouped under 
certain headings such as functionality, effectiveness, 
understandability, and aesthetics of the system or the user 
interface (Kostaras and Xenos, 2009). Besides, these 
problems can be assigned priority levels such as 1-
cosmetic), 2-minor, 3-major, and 4-catastrophic (Walden 
et al., 2020). At the end of the cognitive walkthrough the 
detected errors are fixed in the prototype. 

Laboratory Evaluations 

Laboratory evaluations take place in a controlled 
environment where subjects are assigned, variables are 
provided and manipulated under simulated real-life 
scenarios (Razak et al., 2010; Martínez and 
Bandyopadhyay, 2014). An alternative to the laboratory 
evaluation method is the field evaluation method which is 
performed under dynamic conditions that cannot be 
simulated in a laboratory environment. However, this 
method is found to be compelling since it is not a 
controlled environment. The laboratory evaluation method 
is advantageous over the field evaluation method when 
assessing user interfaces since the researchers can obtain 
video/audio recordings of user interactions with the user 
interface (Zhang et al., 2003; Kumar and Mohite, 2018). 
In the laboratory evaluation, the researcher has full control 
over the assignment of variables in the test environment 
(e.g., sound, light,  ethernet infrastructure, human 
circulation, objects in the environment) and the 
determination of the participants depending on the target 
audience. Therefore, the field evaluation method is not 
considered in this study.  

Data collection and evaluation steps are similar to the 
cognitive walkthrough, but the main difference is that the 
participants of the laboratory evaluations are the real or 
potential users whereas the participants of the cognitive 
walkthrough are the researchers. Participants can be 
chosen from experienced people who have used similar 
technologies and applications, or they can be selected from 

people with no previous experience. The participants are 
expected to perform a predetermined series of tasks in a 
usability laboratory environment. 

Researchers can define two types of tasks for the users: 
1) structured tasks and 2) unstructured tasks (Alshamari 
and Mayhew, 2008). The structured tasks are designed by 
the researchers who create a step-by-step to-do list that 
users will follow to complete a task. These tasks can be 
described in detail by presenting a realistic scenario that 
explains what the user should do in each step. For 
example:  “(1) Open the application (2) Enter the user ID 
(3) Enter password (4) Open home page (5) Click on the 
wall where the window is placed (6) View the model of 
the mechanical equipment on the wall (7) Determine the 
system of the yellow pipes (e.g., wastewater, drinking 
water) (8) Close the application”. The unstructured tasks 
are briefly described to allow the participants to find their 
way in completing the defined task. For example: “Please 

state the system of mechnaical pipesbehind the wall.” 
The usability of the system can be determined via 

video recordings of the user’s interactions, and/or surveys 
(Martínez and Bandyopadhyay, 2014). The videos of the 
users are recorded to determine the behaviors and 
tendencies of the users when they interact with the user 
interface while performing the assigned tasks. At this 
stage, various factors will be taken into consideration in 
evaluating the usability of the system, such as the task 
completion duration, the number of errors, the number of 
correctly completed tasks, and the problems encountered 
in the natural flow of the tests. This stage is intended to 
provide quantitative data on the tests. The second method 
to evaluate the usability of the system is to conduct surveys 
to obtain user’s opinions about the tested system (Razak et 
al., 2010). In this method, the task steps defined in the 
laboratory environment are followed and video/audio 
recordings are taken. Afterward, the participants’ 
subjective evaluations are collected by a survey in the lab 
environment. This part involves questioning the user's 
opinions and preferences about the functionality, 
effectiveness, understandability, and aesthetics of the 
system or the user interface (Kostaras and Xenos, 2009).  

There are two main types of surveys that are 
performed: 

(1) Pre-test Surveys: It will be conducted before the 
user tests the system to determine the participant profiles 
and to collect reference data for the usability 
measurements of the system. For example, age, gender, 
profession, computer literacy.  

 (2) Post-test Surveys: It will be applied to obtain 
qualitative evaluations of the tests. Usability testing 
processes generally end with with the analysis of users' 
ideas and preferences about the developed 
system/interface/prototype/application. The main types of 
post-test surveys in the literature and sample questions are 
provided in the next section.  

The advantage of the survey method is its ease of 
application and low cost-benefit ratio (Walden et al., 
2020). However, the survey method alone is not sufficient 
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for obtaining raw data and user interface analysis since it 
only contains the opinions of the users. Collecting raw data 
of user behavior from other methods such as video record 
(Nielsen, 1994) or recording verbalize positive and 
negative reactions as they worked through tasks (Russ et. 
al., 2018) is found to be more reliable than the survey 
(Razak et al., 2010). 

The data obtained in the laboratory evaluations are 
analyzed under various headings. For example (1) 
effectiveness (i.e., accuracy/user ability to complete 
assigned tasks/level of interaction in terms of speed and 
errors) (Nielsen, 1994; Zhou and Chan, 2017; 
Constantinescu et al., 2019; Walden et al., 2020); (2) 
efficiency  (i.e., time to complete/resources required to 
complete assigned tasks such as time) (Constantinescu et 
al., 2019; Walden et al., 2020); (3) error (i.e., number of 
errors/ability to recover from errors, existence of serious 
errors) (Nielsen, 1994; Zhou and Chan, 2017); (4) 
flexibility (i.e., level of adaptation to various tasks) (Zhou 
& Chan, 2017); (5) learnability (i.e., ease/level of learning 
needed to accomplish a task) (Nielsen, 1994; Zhou and 
Chan, 2017; Dowding et al., 2019; Walden et al., 2020); 
(6) assessment of how pleasurable it is to use /attitude 
(Shackel, 2009; Zhou and Chan, 2017; Constantinescu et 
al., 2019); (7) usefullnes (i.e., ease/difficulty/failed) 
(Dowding et al., 2019). 

USABILITY QUESTIONNAIRES 

In this section, major usability questionnaires that were 
developed to test the usability of a product, system, or 
websites were reviewed. One of the most widely used 
usability questionnaires is the USE 
(Usefulness, Satisfaction, and Ease of Use) Questionnaire  
(Lund, 2001). It is developed to test the usability of 
software, hardware, services, user support materials, and 
products (i.e., portable vacuum cleaner (Albertazzi, 
Okimoto and Ferreira, 2012) under four categories: 
Usefulness, Satisfaction, Ease of Use, and Ease of 
Learning. It includes generic statements that evaluate the 
product, such as, “it helps me be more productive, “it is 

easy to learn to use it”, and “I would recommend it to a 

friend”.  
Another commonly used usability questionnaire is the 

SUS (System Usability Scale), developed by Brooke 
(1996), which is used for the evaluation of websites (Grier 
et al., 2013; Lewis, Utesch and Maher, 2013). It includes 
a survey of ten questions developed at Digital Equipment 
Corp and each question is the rating of statements on a 
five-point scale ranging from "Strongly Disagree" to 
"Strongly Agree”. SUS can be used as a measure of 
usability in standard task-based testing or as a backward 
analysis in surveys (Lewis, 2018). It is similar to the USE 
questionnaire, however, it includes more detailed 
statements, such as “I think that I would need the support 

of a technical person to be able to use this system”. Some 

researchers have changed the wording in SUS such as 
using “website” or a product name in place of “system” 

(Finstad, 2006; Bangor, Kortum and Miller, 2009; Lewis 
and Sauro, 2009).  

Usability Metric for User Experience (UMUX) was 
developed by Finstad (2010) to test the usability of a 
software prototype. It is preferred when a shorter 
questionnaire is needed (Lewis, 2018). UMUX consists of 
the following four statements that are measured using a 7-
point Likert Scale: (1) the system’s capabilities meet my 

requirements, (2) using this system is a frustrating 
experience, (3) this system is easy to use, (4) i have to 
spend too much time correcting things with this system 
(Finstad, 2010). The used expressions are in both positive 
and negative tones similar to SUS (Lewis, 2018).  

After Scenario Questionnaire (ASQ) (Lewis, 1991), 
was created to test the usability in a scenario after the 
scenario-based tasks were completed by the user. The test 
consists of three statements: (1) overall, I am satisfied with 
the ease of completing the tasks in this scenario, (2) 
overall, I am satisfied with the amount of time it took to 
complete the tasks in this scenario, (3) overall, I am 
satisfied with the support information (on-line help, 
messages, documentation) when completing the tasks). 
The user satisfaction is measured with a 7-point Likert 
scale (1 = strongly agree and 7 = strongly disagree).  

Poststudy System Usability Questionnaire (PSSUQ) 
was originated from SUMS (System Usability MetricS) 
(Lewis, 1991, 1992), and the main purpose is to record and 
corroborate the functions, systems, and procedures for 
measuring the usability of any interface—hardware, 
software, mobile applications, or websites. The main 
categories of the questionnaire are measuring system 
usability, including performance, usability problems, and 
user satisfaction. The PSSUQ is developed to be used at 
the end of a standard task-based usability study, and the 
statements are expressed in the past tense to refer to the 
completed tasks. Examples of some of the PSSUQ 
statements are: “Overall, I am satisfied with how easy it 
was to use this system”, “The system gave error messages 

that clearly told me how to fix problems”, “It was easy to 
find the information I needed”, “I liked using the interface 

of this system”. 
Computer System Usability Questionnaire (CSUQ) 

was developed by IBM to test the usability of a computer 
system (Lewis, 1995). It consists of 19 questions 
categorized under system usefulness, information quality, 
and interface quality dimensions and it has a 7-point Likert 
scale ranging from "Strongly Disagree" to "Strongly 
Agree". Some statements from the CSUQ are: “It is simple 

to use this system”, “Whenever I make a mistake using the 

system, I recover easily and quickly”, “This system has all 

the functions and capabilities I expected it to have”. 
Questionnaire for User Interface Satisfaction (QUIS) is 

used to measure the usability of a human-computer 
interface (Chin, Diehl and Norman, 1988).  QUIS includes 
27 questions that evaluate the effectiveness of the website 
design (Tullis and Stetson, 2004). Some of its statements 
are as follows: “system speed (i.e., slow to fast)”, 

“designed for all levels users (i.e., never to always)”, 
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“sequence of screens (i.e., confusing to very clear)” and 

statements evaluation range is from 1 to 9.  

PROPOSED USABILITY TEST 

PROTOCOL 

Based on the literature review, a usability test-protocol 
was developed for testing prototypes that are developed 
for a mixed reality environment to be used in the facility 
management phase. The main steps of the protocol are 1) 
cognitive walkthrough, 2) pre-test surveys, 3) usability test 
and video recording 4) post-test surveys. 

In the first step, cognitive walkthrough takes place with 
the participation of at least two researchers. One of the 
researchers prepares a set of tasks that will be performed 
in the laboratory environment. For example, ‘click 
homepage’, ‘select every object in the environment’, ‘go 
to previous and next pages’. The other researcher who did 
not participate in the preparation of the tasks performs the 
task during the test. Meanwhile, the movements of the 
researcher are recorded. The obtained data are analyzed 
according to the determined evaluation criteria. The 
criteria used can be customized according to the needs of 
the prototype or tasks. After determining the problems 
related to the prototype according to the evaluation 
criteria, the detected errors are fixed in the prototype. 
Since this step is performed before testing the usability, it 
is not part of the developed protocol.  

In the second step, the users are selected among the 
target group and pre-test questionnaires are performed to 
determine the user profiles and to collect reference data for 
the usability measurements of the system. 

In the third step, the introductory information about the 
prototype is provided to each user and they are asked to 
perform structured tasks by using the prototype. For 
example; “Click on the digital label of the window in the 
room you are in. In the popup that appears, click on the 
manufacturer company information from the information 
listed for the window. Update the existing information and 
enter ABC Company. Close the pop-up window.” 
Structured tasks in this step is used in order to prevent 
users from drifting away and wasting time by trying 
different alternatives in performing tasks since their task 
durations need to be collected precisely to evaluate the 
performance of the prototype. Structured tasks can be 
defined according to the prototype requirements. Users 
will be allowed to discover the prototype and to become 
familiar with the interface by allowing a certain amount of 
time before the tests. The user’s interaction with the 
technology including their questions –if any- is recorded 
during the test. The aim is to determine the behaviors and 
tendencies of the users when they perform the assigned 
tasks and interact with the technology.  

At this stage, quantitative data are collected. According 
to lab test notes and video records the obtained data 
gathered as following heading which are compiled from 
the literature and considering the needs of the MR 
environment:  task completion duration, number of errors, 
number of correct task completion, number of clicks while 

performing the tasks, problems encountered in the natural 
flow of the tests, number of requests for assistance, 
number of failed attempts to establish a relationship 
between the MR environment and the physical 
environment, number of attempts that resulted in getting 
lost in the MR environment. Also, the questions that were 
asked by the users are listed.   

Finally, post-test questionnaires are conducted after the 
test to obtain qualitative evaluations of the tests. The 
sample questions that are customized for a mixed reality 
environment are provided in Table 1. These questions 
were developed based on usability questionaries such as 
SUS, USE, ASQ, and based on the technological needs 
defined in Yilmaz (2020). The expressions in the post 
questionnaire are composed of positive & negative tones 
together to prevent participants from random voting. The 
7-point Likert scale is recommended for the created post 
questionnaire similar to existing usability tests. 

The results of the surveys and analysis of the 
recordings are combined to evaluate the usability of the 
prototype and suggest improvements. 
Table 1: Post-questionnaire for a proposed usability test proto-

col 

GENERAL STRUCTURE 

The prototype makes the things I want to accomplish easier 
to get done*a 

The prototype meets my needs*a 

I would recommend this prototype to a friend*a 

I needed to learn a lot of things before I could get going 
with this prototype*b 

I found the prototype very cumbersome to use*b 

I think that I would need the support of a technical person 
to be able to use this prototype*b 

I would imagine that most people would learn to use this 
prototype very quickly*b 

I found the prototype unnecessarily complex*b 

I thought the prototype was easy to use*b 

I thought that I would like to use this prototype 
frequently*b 

This prototype has all the functions and capabilities I 
expect it to have*c 

I have to spend too much time correcting things with this 
prototype*d 

I found the prototype difficult*e 

The prototype corrected my mistakes easily*e 

The prototype was designed for all levels of users*e 

The prototype was too slow to react to my input*e 

Learning to operate the prototype was difficult*e 

USER INTERFACE 

The interface of this prototype was pleasant*c 

The organization of information on the prototype screens 
was clear*c 

The sequence of screens of the prototype was confusing*e 

The use of terms throughout the prototype was inconsistent*e 

The position of messages on the screen of the prototype was 
consistent*e  
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Prompts for input  were confusing*e 

Error messages were helpful*e 

Help messages on the screen of the prototype were helpful*e  

MR ENVIRONMENT 

I had trouble finding virtual objects overlaid on physical 
elements*g 

I had a hard time selecting virtual objects/elements*g 

I was distracted by pop-up windows  that block  physical 
elements*g 

I was able to navigate wherever I wanted*g 

The mixed reality prototype included all assets in the test 
environment*g 

The mixed reality prototype included all supporting 
information about assets in the test environment*g 

The duration to  overlay and render virtual elements on 
physical elements was very long*g 

The reaction time of the pop-up windows was too long*g 

I could easily turn the virtual elements on and off*g 

The speed of detecting virtual elements in place was 
satisfactory*g 

The speed of accessing the data of virtual elements was 
satisfactory*g 

The speed of entering data related to virtual elements was 
satisfactory*g 

I find the messaging functionality of the mixed reality 
prototype useful*g 

I find the video chat function of the mixed reality prototype 
useful*g 

I find the multi-user functionality of the mixed reality 
prototype useful*g 

The mixed reality prototype enabled instant rather than 
periodic communication*g 

I find the used screen size sufficient*g 

I prefer the hands-free/one-handed/two-handed use of the 
mixed reality prototype*g 

I prefer to use the prototype via a MR head-set*g 

I prefer to  use the prototype via a MR smart glass*g 

I prefer to use the prototype via a tablet or smartphone*g 

OPEN ENDED 

What functionality would you add to the MR prototype? *g 

What functionality would you extract from the MR 

 prototype? *g 

Would you prefer the traditional method or this prototype 

for for long term usage? *g 
*a: Adopted from USE; *b: Adopted  from SUS; *c: Adopted  

from PSSUQ; *d: Adopted  from UMUX; *e: Adopted  from QUIS; 
*f: ASQ; *g: Added by authors to customize to MR;  

CONCLUSIONS 

In this paper, a usability test protocol was developed to 
measure the performance of prototypes that are integrated 
with a mixed reality environment and used in the facility 
management phase.  

A literature review was performed to identify the 
usability test protocols that are used in the domain and 
investigate the existing usability test questionnaires used 

for product evaluation and human-computer interaction. 
Based on the results of the literature review, a 
comprehensive usability test protocol was proposed for the 
evaluation of mixed reality environments in the facility 
management phase. While post questionaries are used in 
the evaluation of mixed reality or other immersive 
environments in the literature, there is no protocol 
specialized for a mixed reality environment to be used in 
facility management domain. This study presents the 
developed usability test steps and fills this gap in the 
literature.  

The main steps of this test protocol are 1) cognitive 
walkthrough, 2) pre-test surveys, 3) usability test video 
recording 4) post-test surveys. In the first step, one of the 
researchers defines the user profile and determine the task 
actions and another researcher performs the tasks. Video 
recording can be taken during the cognitive walkthrough. 
In the second step, a pre-test survey is conducted to 
determine the profiles of the participants. The questions 
can include age, gender, previous experience with MR 
environment, etc. In the third stage, a usability test is 
carried out in the laboratory environment. At this stage, the 
tasks defined by the researchers are performed by the 
participants and a video recording is taken to collect 
quantitive data such as task completion duration, number 
of errors, number of correct task completion. In the last 
stage, a post-survey is performed for qualitative 
evaluations. A sample post questionnaire survey has been 
prepared by integrating existing usability questionnaires in 
the literature and by combining customized statements for 
testing the MR environment.  

The developed usability test protocol can be used by 
the researchers that will test the usability of an MR-based 
prototype which is specially developed for the facility 
management phase. 
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ABSTRACT 

More than 65% of the total cost in buildings comes from 

Facility Maintenance Management (FFM). Despite that, 

facility managers have still relied on the traditional 

method. Building Information Modeling (BIM) based on 

Augment Reality (AR) can enhance the activity of FFM. 

In this study, a framework was developed for end-users 

and facility managers where end-users report 

maintenance requests, while facility management (FM) 

department are responsible to manage them. This will 

help FM team to optimize building maintenance strategies 

and decision-making and finally reduce the costs 

associated with the maintenance activities in the 

buildings. 

INTRODUCTION 

In the life cycle of a project, the operation and 

maintenance (O&M) phases are just as important as the 

planning and construction of the project itself. Compared 

with other phases, the highest costs occur during the 

O&M phase since some reports show that more than 60 

percent of a total project cost is related to this phase 

(Akcamete, Akinci, and Garrett 2010; Teicholz 2013). 

Beside, Lee et al. (2012) indicate that American building 

industry wastes approximately 67 percent annually in 

O&M phase, emphasizing the importance of Facilities 

Management (FM) tasks. 

FM tasks are fragmented and require gathering and 

sharing large amounts of information related to facilities 

spaces and components, and covering historical 

inspection data and operation information (El Ammari 

and Hammad 2019). More than 65% of the total cost in 

FM comes from facility maintenance management 

(FMM) (Chen et al. 2018). Despite that, facility managers 

have still relied on the traditional computer-aided-design 

(CAD) systems to create the necessary information (e.g. 

the location of building elements, dimension, material and 

specifications) to operate and maintain their assets in 

buildings (Volk, Stengel, and Schultmann 2014a). 

Furthermore, there is a lack of efficient maintenance 

strategies and right decision making approaches to reduce 

FMM costs (Chen et al. 2018). 

Building Information Modeling (BIM) has been 

emerging as a potential solution for FMM to address the 

challenges of information reliability, interoperability 

(Cavka, Staub-French, and Poirier 2017) and guide 

decision-makers in addressing building maintenance 

problems. BIM constitutes an effective platform by which 

to depict high-quality information and integrate different 

platforms and sources. BIM utilizes 3D, parametric and 

object-based models to create, store and use coordinated 

and compatible data throughout the life cycle of a facility 

(B Becerik-Gerber et al. 2012). Researchers have focused 

on implementing BIM for different aspects of FM, 

especially for FMM (Arayici 2008; Singh, Gu, and Wang 

2011). However, the BIM visualization potential for 

improving maintenance activities was not considered in 

their studies (Alavi et al. 2021). In order to improve the 

effectiveness of BIM applications, some studies have 

shown that incorporation of the augmented reality (AR) 

technology would be beneficial for improving the 

usability and accessibility of BIM information (Chen, Lai, 

and Lin 2020). 

AR is an innovative technology that can enable digital 

information such as 3D models, images, and animations 

to be overlaid on the real world to facilitate natural contact 

between users and their surroundings (Cheng, Chen, and 

Chen 2017). For years, AR was applied to the 

Architecture, Engineering, Construction and Operation 

(AECO) industry (Dunston and Wang 2011). AR makes 

user information readable and manipulable surrounding 

facilities by mixing virtual and the real world. However, 

currently there are limited studies about implementing AR 

collaboration for FMM (Chen et al. 2019).  

The aim of this research is to develop a framework for 

end-users and FM team by integrating BIM and AR to 

support FMM. Such incorporation will help FM team to 

optimize building maintenance strategies and decision-

making. 

LITERATURE REVIEW 

FM staff are required to collect high-quality information 

to achieve corrective maintenance actions (Shalabi and 

Turkan 2017a). To further improve FMM tasks, it is 

necessary to implement BIM and AR jointly to access 

high-quality information and visualize the required 

information. BIM can support FM tasks by acting as a 

data repository, locating equipment within a facility, and 

coordinating information from multiple systems (Burcin 
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Becerik-Gerber et al. 2012). Researchers focus on 

implementing BIM for different aspects of FM, such as: 

maintenance of warranty and service information (Arayici 

2008; Singh et al. 2011); quality control (Boukamp and 

Akinci 2007); asset management and monitoring (Alavi 

and Forcada 2019; Arayici 2008; B Becerik-Gerber et al. 

2012); energy management (Dave et al. 2018; Wang, Pan, 

and Luo 2019); sustainability (Arayici et al. 2011; Barnes 

and Castro-Lacouture 2009; Sacks, Treckmann, and 

Rozenfeld 2009); space management (Alavi and Forcada 

2019; B Becerik-Gerber et al. 2012; Cho, Alaskar, and 

Bode 2010); emergency management (Alavi and Forcada 

2019; Wetzel and Thabet 2015); and retrofit planning 

(Mill, Alt, and Liias 2013). BIM implementation can be 

further extended to: preventive maintenance planning 

(Burcin Becerik-Gerber et al. 2012; Chen et al. 2018); 

building systems analysis (Burcin Becerik-Gerber et al. 

2012; Weygant 2011); commissioning processes (Burcin 

Becerik-Gerber et al. 2012; Jiao et al. 2013); and strategy 

planning (Burcin Becerik-Gerber et al. 2012; Zou and 

Wang 2009). Some early BIM-based FMM studies have 

shown how BIM can improve FMM activities (Cavka et 

al. 2017; Chen et al. 2019, 2020; Volk, Stengel, and 

Schultmann 2014b). Hassanain et al. (2003) introduced a 

general object-oriented schema for FMM that supports 

information exchange from the construction phase to the 

O&M phase. Liu et al. (2012) investigated how to use 

Geographic Information System (GIS) and BIM to obtain 

FMM information. Some researchers (Golabchi, Akula, 

and Kamat 2016; Motawa and Almarshad 2013; Shen, 

Hao, and Xue 2012) provided different decision support 

tools for FMM. However, no visualization function was 

considered in these studies. On the other hand, other 

studies (Chen et al. 2018; Shalabi and Turkan 2017b; 

Yang and Ergan 2016) have used BIM visualization for 

facilitating FMM. For instance, Chen et al. (2018) 

presented an FMM framework for automatic scheduling 

of facility maintenance work orders. Such studies have 

utilized BIM visualization to assist FMM to identify 

failure components in buildings and have access to FMM 

information. Since BIM has its inherent trait of having 

geometric data in 3D, the vast majority of the researchers 

tend to use BIM visualization as the interface to show 

FMM information with a constrained investigation of the 

other potential approaches to show the high-quality 

information such as AR visualization. 

AR provides a suitable interface for FMM fieldwork 

support (Koch et al. 2014; Lee and Akin 2011) by 

providing the superimposed geometric representation on 

the physical space along with the relevant BIM-based 

FMM information (Gao and Pishdad-Bozorgi 2019). 

Researches have been used AR to facilitate FM tasks. For 

example, Irizarry et al. (2014) proposed an AR system for 

facility managers to provide FMM information, proved to 

be able to improve efficiency during FMM. Lee et al. 

(2011) presented a system of an AR-based equipment 

O&M fieldwork support application to improve 

efficiency in FMM. Hou et al. (2014) presented a 

framework in which AR combined with photogrammetry 

to manage information for FMM. Ting et al. (2019) 

developed a facility risk assessment and maintenance 

system prototype enabling facility managers to select the 

maintenance policy for a single piece of equipment. Chen 

et al. (2020) integrated AR with BIM to improve safety 

and reduce error for FMM activities. FMM tasks 

frequently require multiple users to communicate and 

interact with each another. For instance, when occupants 

report a problem, the facility manager comes to the office 

of the employee and inspects the problem on site. After 

identifying the problem, the facility manager makes 

decision and calls the administrative affairs manager, 

reports the problem and requests a work order. To deal 

with this issue, AR can give a UI to FM staff and 

occupants to straightforwardly communicate with 

surrounding facilities (Chen et al. 2019). Despite this, the 

vast majority of the current collaborative AR applications 

are for FM staff or technicians which restricts the 

correspondence and collaboration among FM staff and 

occupants. 

THE DEVELOPED FRAMEWORK 

According to the PAS-1192:2013 standard (BSI 2013), an 

asset information model ought to incorporate a graphical 

model, non-graphical information, and documentation. 

The graphical model shown in AR mode was obtained 

from the BIM model and model was placed into the real 

world through mobile devices. The non-graphical 

information is obtained from either the BIM model or 

other documentation (e.g. maintenance information) 

stored in Computerized Maintenance Management 

System (CMMS). The developed framework is shown in 

Figure 1. The graphical model was exported from the BIM 

model as .FBX file prior to import the model into AR 

project in Unity engine. Unity (Unity Technologies 2020) 

is a cross-platform game engine which can be used to 

create three-dimensional, two-dimensional, virtual 

reality, and augmented reality games, as well as 

simulations and other experiences. Unity supports multi-

platforms development which can be used to develop 

desktop computer application in operation system like 

Windows, MacOS, Linux or mobile application in iOS/ 

Android platforms. A part of the non-graphical 

information was extracted from the BIM model using a 

visual programming extension for Autodesk Revit, 

Dynamo while the other part of the non-graphical 

information was obtained from CMMS software. Then, 

the non-graphical data were stored in SQL server 

database. Microsoft SQL Server (Oracle Corporation 

2016) is a relational database management system 

developed by Microsoft. As a database server, it is a 

software product with the primary function of storing and 

retrieving data as requested by other software applications 
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which may run either on the same computer or on another 

computer across a network (including the Internet). 

Moreover, Apache HTTP Server and PHP with SQL 

query commands were used to link database to the Unity 

AR app, based on which multiple users can read and 

update information in the database. The Apache HTTP 

Server (Robert McCool 2018) is a free and open-source 

cross-platform web server software, released under the 

terms of Apache License 2.0. Apache is developed and 

maintained by an open community of developers under 

the auspices of the Apache Software Foundation.  PHP 

(PHP 2013) is a popular general-purpose scripting 

language that is especially suited to web development. 

PHP code is usually processed on a web server by a PHP 

interpreter implemented as a module, a daemon or as a 

Common Gateway Interface (CGI) executable. On a web 

server, the result of the interpreted and executed PHP code 

– which may be any type of data, such as generated 

HTML or binary image data would form the whole or part 

of a HTTP response. Finally, the Unity AR App for 

mobile devices was created to support FMM tasks. 

BIM model preparation for FMM 

Even though the non-graphical information was extracted 

from BIM and CMMS into the SQL server, it still cannot 

represent complete information on maintenance activities. 

Therefore, shared parameter was utilized to allow BIM 

models to contain facility maintenance information. 

Shared parameter is a Revit term that can be added to the 

Revit family for custom data fields. It can also be 

accessible for any project due to holding parameters in a 

separate file. In this study, room and system information 

were defined and assigned to rooms in BIM, while others 

(i.e. information related to the components) were assigned 

to their corresponding family (e.g. mechanical family). 

Table 1 shows the information requirement for rooms and 

system included into the BIM model. The non-graphical 

information for each component in a building is different; 

thus, it was crucial to assign the shared parameters into 

their relevant families in BIM. For instance, considering 

‘Ventilation control’ as a shared parameter, it should be 
assigned to mechanical family but not wall family.  

 

Table 1: Room and System information 

Required information 

Room infor-

mation 

• Thermal satisfaction (Ob-

tained from the satisfaction 

survey)  

• Current Temperature 

• Current Humidity 

• Average temperature in this 

month 

• Average humidity in this 

month 

• Individual thermostat control 

(yes/no) 

System infor-

mation 

• Type of heating (Radiators / 

Air water / Splits / VRV) 

• Type of cooling (Air-water / 

Fan coils and AHU / Splits / 

VRV) 

• Type of ventilation (Natural / 

Forced independent / Forced 

integrated in the heating and 

cooling) 

 

BIM Model 

SQL Server 

(DB) 

Unity AR App 
Apache Web 

Server 

CMMS 

Data sources 

Graphical 

model 

Non-graphical 

information 

Other non-graphical 

information 

Send requests 

Present results 

Retrieve results Search/add infor-

mation 

.FBX 

Figure 1: The developed framework 
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Then, this kind of information was exported to CSV 

format and then into the SQL server. The Dynamo script 

supported this functionality and are presented in Figure 

2. 

AR preparation for FMM 

To create AR and visualize the causal factors of a 

problem, Google ARCore and Unity were used. ARCore 

(Google 2018) is Google’s platform for building 
augmented reality experiences. Using different APIs, 

ARCore enables phones to sense its environment, 

understand the world and interact with information. Some 

of the APIs are available across Android and iOS to 

enable shared AR experiences. 

RESULTS AND DISCUSSION 

AR provides a UI to FM department and end-users (i.e. 

occupants) to communicate with each other. In this user 

interface, there are two modes for end-users and FM 

department where end-users report maintenance requests, 

while FM department are responsible to manage them. 

End-users can open the app installed on their smartphone 

and report a problem to the FM staff to solve it. Based on 

the deploying physical marker for each room captured by 

Figure 2: Dynamo script used for data extraction 

Figure 3: AR-based FMM for end-users (User Complaint Mode) 
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AR app using the cameras, the corresponding facilities 

and information were displayed on the device with the 

correct position. When end-users detect a problem, they 

can select the equipment (e.g. split) which is not 

functioning properly and the equipment will be 

highlighted automatically so that FM staff will know 

which equipment is being reported by a user. End-users 

will also be able to check complaint progress through the 

app. Figure 3 shows the screen shots of the mobile 

application of user complaint mode. 

FM staff inspects the condition of reported 

components. If components are being reported as failed, 

the FM staff will move to the location of reported 

components. Then, FM staff can directly check the 
condition of the reported component in the AR by clicking 

on the component. The corresponding information is 

shown in their device, including problem type, component 

ID, date and hour of reported problem, temperature and 

humidity on the moment of reporting the problem, 

impotency of the problem, and maintenance history of the 

equipment as illustrated in Figure 4.  

FM staff can also access to the information related to 

the space by clicking on the corresponding bottom in their 

device while they enter a room. For example, by clicking 

on “System” bottom, the system information related to the 

space such as type of heating, cooling and ventilation is 

shown up in AR app. BIM-based AR system enables app 

to provide room and system information automatically for 

each room by entering into the room. Figure 5 shows the 

screen shots of room and system information when FM 

Figure 4: Information related to the reported component (FM mode) 

(b) 

(a) 

Figure 5: (a) Room information and (b) system information related to the space (FM mode) 
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staff entered the space where the failure component is 

located (FM mode). Such information help FM staff to 

make decision on tackling the problem. Considering this 

kind of information and checking the component in 

present, FM staff will be able to find out the problem 

(either repair or replace the component) and report its 

status to the technician by filling out maintenance request 

form in their device. When inspection has been 

completed, the technician team are responsible to fix the 
component. Then, the information related to both the 

failure component reported by a user and the status of the 

component reported by FM staff is stored in SQL database 

and accessible by clicking on “History” bottom in AR app 

(FM mode) to supports decision-making on FM activities. 

In other words, FM staff can make quick inquiries of 

FMM information and know each component's status in 

the AR app. 

CONCLUSIONS 

It is absolutely crucial for facility managers to access 

appropriate and reliable information along with friendly 

visualization to operate and maintain equipment and 

systems efficiently in buildings to extend the lifespan of 

equipment and support decision making. To access high-

quality information and visualize the required 

information, it is essential to implement BIM and AR 

jointly. In this study, a framework was developed to 

integrate BIM and AR for FMM activities including end-

users and FM modes. The proposed framework for end-

users, it is anticipated that it can enhance users’ 
satisfaction by simply reporting the problem. For FM, on 

the other hand, improves maintenance activities and 

minimize labor time and equipment downtime by 

providing the location of malfunction equipment along 

with appropriate and reliable information. Such 

incorporation will help FM team to optimize building 

maintenance strategies and decision-making. The 

proposed framework is likely to be valuable to facility 

managers who will be able to make a more precise 

analysis of building performance. Future research will 

develop a direct link and app for facility managers to find 

an optimum path according to the emergency level of each 

problem reported by end-users. The mobile application 

will also help to generate maintenance paths for FM staff 

to guide them into the places where problems locate. 
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