
White Paper

w w w . e c - 3 . o r g

DATA MANAGEMENT
AT URBAN SCALE

European Council  On Computing in Construction

E C 3



2 European Council on Computing in Construction (EC3)

© Copyright 2022 European Council on Computing in Construction (EC3)

Licensed under the Creative Commons Attribution-NonCommercial 3.0 Unported License (the ‘License’). 
You may not use this file except in compliance with the License. You may obtain a copy of the License 
at http://creativecommons.org/licenses/by-nc/3.0. Unless required by applicable law or agreed to in 
writing, software distributed under the License is distributed on an ‘as is’ basis, without warranties or 
conditions of any kind}, either express or implied. See the License for the specific language governing 
permissions and limitations under the License.

         DOI: https://doi.org/10.35490/EC3.WP1.2022.DSA



3 Data Management at Urban Scale

MAIN CONTRIBUTORS
Dr. BLANCA TEJEDOR HERRÁN
Lecturer 
Universitat Politècnica de Catalunya (Spain) 

Dr. ALESSANDRO CARBONARI
Chair DSA EC3; Associate Professor 
Università Politecnica delle Marche (Italy)

Dr. SHABTAI ISAAC
Secretary DSA EC3; Senior Lecturer 
Ben – Gurion University of the Negev (Israel)

Dr. MIQUEL CASALS CASANOVA
Vice – Chair DSA EC3; Full Professor 
Universitat Politècnica de Catalunya (Spain)

OTHER CONTRIBUTORS
Dr. HILLEL BAR – GERA
Full Professor 
Ben – Gurion University of the Negev (Israel) 

Dr. THOMAS LINNER
Associate Professor 
Technical University of Munich (Germany)



04 European Council on Computing in Construction (EC3)

Brief overview of EC3 and its ‘White Papers’ initiative

PREFACE



05 Data Management at Urban Scale

EC3 and its ‘White Paper’ Series
ABOUT EC3

The European Council on Computing in Construction (EC3) is a recently (2018) 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. EC3 aims the advancement of professional knowledge and the 
improvement of engineering practice in the built environment by fostering research, education 
and policy in current and emerging computing and information technologies, whilst interacting 
strongly with other Architecture, Engineering, Construction and Facility Management (AEC/FM) 
societies in related areas. Further, EC3 aims to 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.

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’s ‘White Paper’ Series
Started in May 2020 and addressed to the broad scientific community, EC3's 'White Paper' Series 
aims to bring forward, in non-technical terms, technical knowledge and state-of-the-art research 
and practice in EC3-related domains, and to advance the level of collaboration and knowledge 
transfer in such domains between researchers and practitioners. 

§ 

One of the main concerns in the construction industry sector is the integration of methodologies 
and technologies, as well as the use of collected and stored data by several systems. This report 
addresses the aforementioned issues, focusing on three areas: (i) Enabling technologies for 
data collection in the operational stage of urban infrastructures; (ii) Future perspectives: data 
management processes towards developing digital twins for urban build assets; (iii) stakeholder 
analysis for the built environment. 

The report, developed by a diverse group of experts, was assembled by the Data Sensing and 
Analysis (DSA) Committee of EC3 and reviewed by several experts in relevant domains.
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Executive Summary
Nowadays, most of cities present large sensor networks. However, several questions can arise: 
how is the data captured and used? Should specific requirements be accomplished? Who are the 
main agents in the built environment? Can advanced modelling technologies (i.e. digital twins) 
support the retrofitting of existing build assets within the Industry 4.0? Based on this, the white 
paper examines the enabling technologies to collect data in the built environment (i.e. buildings –
modelling of energy systems, construction safety management, construction equipment-,  transport 
networks –pavement of roads, bridges, traffic management-), providing the possible use of that 
data and defining the agents involved. Subsequently, the report explains the future perspectives 
in relation to data management processes towards developing digital twins for urban built assets. 
Considering  the aspects mentioned above, a stakeholder map is proposed, to understand the 
significance of each agent in the urban infrastructure system and to have a general perspective of 
how the agents can take actions. This report concludes that the urban transition to a digitalization 
paradigm needs a complete coordination among agents of the built environment, as well as a 
holistic approach to facilitate the integration among existing enabling technologies. 

KEYWORDS: Data collection; data management; urban infrastructures; urban build assets; 
pavement maintenance; urban building energy models; construction safety management; health 
status monitoring; traffic management; digital twins; stakeholder analysis.

Introduction
According to the International Energy Agency, cities are responsible for 75% of global energy. In 
fact, they play an important role to achieve climate goals [IEA, 2021]. To facilitate a urban transition 
to smart and sustainable cities, IET [2019] and IEA [2021] mentioned that it was necessary a 
digitalization paradigm. This includes a reduction of environmental degradation, reliable energy 
management systems to provide a greater flexibility and resilience to buildings, integrated multi-
model transportation systems to reduce congestion and accidents, and  real-time data for decision-
making in urban planning among others. A smart city is an urban area that uses different types of 
electronic methods and sensors to collect data. Insights gained from that data are used to manage 
assets, resources and services efficiently. In return, that data is used to improve the operations 
across the city and citizens’ quality of life. 

However, the main challenge of a smart city is the large quantity of imperfect real-time data that 
can be provided by different information sources (i.e. patrimonial data, floating sensors, sensors 
in urban space, smart cards, social networking, mobile devices, vehicles, cloud computing etc) 
[Sta et al., 2017]. This implies that the reliability of the information obtained from distributed 
and autonomous infrastructures can be low for a number of reasons (i.e. incomplete data, 
ambiguous data, missing data or inaccurate data). Moreover, the integration of ICT (Information 
& Communication Technology) for applications in a urban setting can lead to problems of 
confidentiality, inaccessibility and expensive digital infrastructure. Hence, the urban development 
should be based on the modelling of imperfect data and its subsequent integration in databases 
to enhance the decision-making in smart cities [Sta, 2017]. Currently, up to 90% of gathered data is 
unused (air quality, energy consumption, traffic patterns and geospatial data) [IEA, 2021]. 
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Enabling technologies for  
data collection in the operational 

stage of urban infrastructures
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This section aims to identify those enabling 
technologies that could help enhance energy 
planning, diagnostic and repair actions of 
construction elements, and city development 
scenarios in terms of buildings and transport 
networks. 

As depicted in Figure 1, the section reviews several 
interrelated domains involved in the operational 
stage of urban infrastructure systems: (1) 
Pavement maintenance; (2) Urban Building Energy 
Modelling; (3) Construction Safety Management; 
(4) Health status monitoring of bridges; (5) Traffic 
management. It should be noted that the gathering 
of data is assessed for each domain, based on the 
existing methods and case studies.  

Figure 1. Domains of data collection in the operational stage of infrastructure systems

ENABLING TECHNOLOGIES FOR DATA 
COLLECTION IN THE OPERATIONAL 
STAGE OF URBAN INFRASTRUCTURES
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Figure 2. Stages of pavement management systems (PMS)

A. PAVEMENT MAINTENANCE
Pavement management systems (PMS), used by departments of transportation (DOT), propose 
strategies or optimization methods to ensure roadways functionality and user’s safety over a 
specified time period [Hadjidemetriou et al., 2019]. Variations of pavement assessment procedures 
can be attributed to inspection frequency, length of examined section, pavement condition index, 
defects severity, budget or maintenance actions. For this reason, PMSs are divided into five stages, 
as shown in Figure 2. In the case of defects, four categories can be highlighted: (i) cracking; (ii) 
disintegration (potholes and patches); (iii) surface deformation (shoving, rutting and distortion); (iv) 
surface defects (raveling and bleeding) [Hadjidemetriou et al., 2020]. 

The optimization of maintenance strategies can be based on the information extracted from PMSs 
in terms of pavement conditions and the data provided by other decision factors (i.e. life cycle costs, 
traffic, safety or weather forecast). However, most DOT do not consider all possible pavement 
anomalies and collected data depend on available equipment and technician’s expertise. 

Current sensing technologies used by PMS include, but are not limited to: specialized vehicles 
such as the Automatic Road Analyzer (ARAN) platform or Digital Highway Data Vehicle (DHDV) for 
pavement monitoring; Support Vector Machine (SVM), Artificial Neural Networks (ANN) or Kalman 
Filter (UKF) with Bayesian Network (i.e. pothole detection) for classification of pavement defects; 
Wavelet-Radon transform (WR) and Dynamic Neural Networks (DNN) for pavement cracking 
recognition and segmentation [Hadjidemetriou et al., 2019; Kyriakou et al., 2019]. 
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Table 1. Features of project–level approach and network–level approaches for PMS

Regardless the enabling technologies, PMS can adopt either a project–level approach or a network–
level approach [Pavement Interactive, 2021]. The first method deals with lower-level decisions 
related to maintenance, reconstruction and rehabilitation (MR&R). The second one deals with high-
level decisions in terms of policies and budget, to identify the greatest benefit-cost ratio over a 
specific analysis period. Table 1 presents the main characteristics of these pavement management 
methods. However, there is a lack of an international integrated PMS and a comprehensive 
decision-support system (DSS) [Hadjidemetriou et al., 2020]

Hadjidemetriou et al. [2019] developed vision and entropy-based detection for pavement analysis. 
The method consisted of recording pavement videos with a sampling frequency of 30 frames/
second by a camera and a laser scanner installed in a vehicle with an average speed of 25 km/h. 
Subsequently, an AI algorithm and Machine Learning Techniques were implemented to identify 
and to classify distressed pavement areas, considering aspects like geospatial location. A total 
of 21600 frames were extracted by processed videos, highlighting 8423 images with pavement 
defects and 13177 frames with healthy pavement. The accuracy of the algorithm was found to be 
89.2%. 

Hadjidemetriou et al. [2020] also presented an holistic approach of DSS based on an integrated 
PMS. The proposed framework considered: (i) repair strategies (i.e. crack sealing, crack filling, 
patching, sealing, overlay or others); (ii) defect diseases (i.e. cracking, disintegration, surface 
deformation, surface defect); (iii) causes (i.e. weather, design, construction, traffic, moisture); (iv) 
treatment strategies. 

Examples of Pavement Management Methods

Pavement Management Methods

Project – Level Approach  
(bottom –up)

Network –Level Approach 
(top –down)

Less aggregate data is required Optimization of solutions for the entire network

Use of simpler models Prioritization of broad areas

Less dependency from local environment Use of inputs from different scenarios

Limited effectiveness  
(No consideration of future pavement 
condition)

Feedback/Update process needs calibration
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Table 2. Use of gathered data in PMS

From the information reported above, Table 2 shows the main data that is captured in PMS by the 
enabling technologies and how that data can be used by the associated agents or stakeholders.

Use of the Gathered Data in Pavement Management 
Systems

Captured data Use of data Requirements Agents / Stakeholders

Pavement  
defects

• Pavement 
condition indices 
(type, severity 
and defects in the 
road)

• Characterization 
of materials 

• Repair strategies
• Maintenance plan
• Estimation of 

costs

• Type of monitoring
• Inspection 

frequencies
• Type of PMS

• Road users
• DOT
• Transportation  

Agency
• Centres of traffic 

management

Geospatial  
location &  
weather  
parameters

• Influence of 
climate conditions

• Creation of  a heat 
and cold map 

• Prediction of 
possible scenarios

• Real-time data • Maintenance staff
• DOT

Traffic • Transportation 
flow

• Use of urban 
network

• Driver assistance
• Automatic 

incident detection
• Prediction of 

possible scenarios

• Real-time data
• Historical data

• Road users
• DOT
• Centres of traffic 

management
• Maintenance staff
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Table 3. Top-down and bottom-up UBEM models

In 2050, 68% of the world’s 
population could live in urban 
areas. Nevertheless, a lack of 
building features (geometric and 
non-geometric parameters) and 
user’s privacy aspects represent 
a drawback for building data 
collection 

[Ali et al., 2021]

“
B. URBAN BUILDING ENERGY  
     MODELLING
In recent years, the focus on individual buildings 
has shifted to cluster and city level solutions. 
The urban building energy modelling (UBEM) 
considers the interaction of buildings with the 
surroundings, including the energy use on district 
energy systems. Therefore, UBEM can help to 
enhance energy planning, refurbishment and city 
development scenarios [Johari et al., 2020; Ali et al., 
2021; Garbasevschi et al., 2021]. As seen in Table 
3, two UBEM categories can be highlighted: top-
down models and bottom-up models. In both, the 
stakeholders are urban planners, energy policy 
makers and local administrators.

UBEM Categories Features

Top –down models • The entire building sector is assumed to be a single energy entity
• The implementation of these models is not complex
• Long-term socio-demographic and economic effects are considered
• Energy consumption analysis does not disaggregate individual
• components
• These models do not allow the identification of potential 

improvements in building energy use, physical design or operational 
specifications

Bottom-up models • Building clusters are computed at different scales (regional/national)
• An extensive database is required to constitute a set of buildings. 

Model inputs include: weather data, geometric data of building (i.e. 
shape, geospatial position etc), and non-geometric data of building 
(i.e. envelope, occupancy, energy usage pattern, equipment loads, 
infiltration rates, HVAC system types etc)

• Types of approaches: physics-based, data-driven and reduced-order 
methods

• The combination of different technologies can be quantified
• Socio-demographic and economic trends are not taken into account
• Calibration and validation is needed
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Table 4. Use of gathered data for UBEM

The integration of urban planning with sustainable developments is complex, since the drivers and 
patterns of energy flows should be determined. City-scale energy modelling of buildings should 
include the knowledge about the seasonal energy use patterns in several locations, allowing: to 
obtain a deeper insight into energy balance (supply vs. demand), to prevent shortages in the energy 
system; and to decide on constructive policies [Johari et al., 2020; Ali et al., 2021]. It should be noted 
that the accuracy of the UBEM depends on the level of detail of the 3D city model which represents 
different entities of a city that can be obtained from enabling technologies like photogrammetry 
or laser scanning [Johari et al., 2020]. Table 4 shows the main data that is captured for developing 
a urban building energy modelling and how that data can be used by the associated agents or 
stakeholders.

Use of the gathered data for Urban Building Energy 
Modelling

Captured data Use of data Requirements Agents / Stakeholders

3D city  
components

• Creation • Standard cadastral 
information

• Geospatial 
information

• Type of 
monitoring

• Engineers
• Architects
• City planners

Indoor and  
outdoor  
environmental  
parameters

• Thermal comfort 
• IAQ quality
• Relation between 

different buildings 
and exposition to 
radiation (from sky, 
sun and  
urban context)

• Type of monitoring
• Inspection  

frequencies
• Type of UBEM

• Engineers
• Architects
• Building manager 
• Energy auditors
• City planners

Building fabric 
performance

• Built quality
• Refurbishment 

strategies

• In-situ analysis
• Type of monitoring
• Geometric and non-

geometric data

• Building manager 
• City planner

Performance  
of systems

• Energy 
consumption

• Type of energy use
• User’s profile
• Prediction of 

possible scenarios

• Real-time data
• Historical data
• Use of BMS

• Maintenance staff
• Building manager
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The integration of sensor-based technology 
has enabled real-time construction safety 
management (CSM) systems, combining 
hardware and software for data processing  
[Su et al., 2020]

“
C. CONSTRUCTION SAFETY 
     MANAGEMENT

Locating systems include several technologies. GPS is suitable for tracking objects in outdoor 
environments. Its average error varies widely depending mainly on the nearby conditions, 
sometimes giving back errors from 2 to 10m. Radio frequency identification (RFID) consists of tags, 
readers and antennas, and can work in both static and dynamic environments. Tests found out 
that average localization errors typically vary between 1.3 and 3.7m. WLAN is a data transmission 
system using RF technology. WLANs can access the network in any location within the coverage 
area of wireless signals and calculate the target’s position from the strength of the detected signal. 
Obstacles may hinder or reflect signals. It shows an average error between 2 and 7.65 m, depending 
on the specific application. UWB is a wireless positioning system, which takes advantage of its wide 
spectrum range, high accuracy and low energy consumption. Accuracy between 0.2 and 1.63 m has 
been detected. Zigbee is a two-way wireless communication technique with the characteristics of 
low complexity, low energy consumption and low cost. When it is combined with other techniques, 
it can have errors lower than 1m. An Ultrasound Positioning System (UPS) uses sound speed 
to calculate distances between the measured point and a fixed point, reaching a high accuracy 
(centimeter level). However, it cannot penetrate massive obstacles such as walls and it suffers from 
quick attenuation in air [Zhang et al., 2017]. 

What sensor-based technologies have been adopted?

Locating systems, vision-based sensing and wireless sensor networks have been adopted 
for CSM [Zhang et al., 2017]. Some applications can be more efficient thanks to the 
development of wearable sensing devices (WSD) 

“
¨ Locating Systems

Figure 3. Sensor-based technology and construction safety management
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Vision-based sensing uses image sensors to collect pictures and videos. The collected data is then 
analyzed with specific algorithms to make inferences. It is affected by lighting conditions and 
background color. Machine learning is still at its infancy when it comes to applications in Safety 
Construction Management, although there is significant research in progress in this application 
field [Zhang et al., 2017]. 

¨ Vision-based Sensing

Wireless Sensor Networks allow acquiring information from sensors and transferring data 
across a communication module for successive processing by a central processor. In this way, 
information is processed actively. A range of sensors can be used for this purpose, among which 
are temperature sensors, displacement sensors, light sensors, optical fiber sensors, and pressure 
sensors [Zhang et al., 2017]. 

¨ Wireless Sensor Networks

Example of application:  
Accident Forewarning Systems (AFS)

Most of the applications concern Accident 
Forewarning Systems. The basic idea is that an 
early warning system capable of complete and 
continuous detecting, judging and identifying 
unsafe behavior is deployed on site. It is in charge 
of taking necessary actions such as sending alerts 
to construction workers or managers.

“

AFS applications have been developed with the goal of preventing machinery equipment collisions 
[Hwang et al., 2011; Zhong et al., 2014]. A Zigbee wireless sensor network has been tested as a tool 
to monitor the operating state of tower cranes. The collected data were transmitted to a remote 
monitoring platform and an anti-collision algorithm was run in a terminal located in driver’s opera-
tion room to ensure the safety of the tower crane. Another application involved the installation of 
UWB / RFID tags on two tower cranes to calculate the dynamic distance and evaluate the collision 
probability in real-time. 
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Other tests were successfully performed with the aim of avoiding collisions between machinery 
equipment and workers and avoiding accidents involving falls from high elevations. In the first 
set of applications, a system was developed that could identify a driver’s blind spots based on the 
location of his/her head. The system then alerted the driver to improve concentration and take 
necessary actions to prevent accidents caused by blocked lines of sight [Ray et al., 2016]. Another 
approach could be defining the construction machinery’s workplace as dangerous zones. As soon 
as workers are too close to these areas, a dedicated system would automatically send alerts to 
workers [Park et al., 2016], e.g. by broadcasting or text messages. A similar approach can be used 
to develop forewarning systems preventing accidents arising from falling objects [Carbonari et al., 
2011; Su et al., 2019]. Workers’ real-time locations and dynamic dangerous areas are tracked by 
means of an UWB location technology. In case the workers’ location are too close to dangerous 
zones, alerts would be sent to workers to stay away from those areas or pay attention to falling 
objects (Figure 4). 

Figure 4. Accident Forewarning System

With the advent of the latest distributed computing technology, current research is attempting 
to develop Safety Route Prediction and Planning systems, which can predict the trajectory of 
machinery equipment or personnel, thus being more effective in preventing collision accidents 
or entering dangerous areas. The expected outcome is that the possibility that an accident could 
occur will be detected well in advance, and responses will be triggered more effectively.  
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Figure 5. Accident Forewarning System

Applications concerning Integrated Safety Management Systems (Figure 5) belong to two main 
groups. The first group aims to provide quality inspection and management systems of construction 
materials and resources. The basic assumption is that preventing quality defects will decrease 
quality issues such as rework and repair, leading to demolition, schedule pressure, extra working 
time and unstable work processes, which may all increase the risk of safety incidents. Prominent 
examples Include an automatic positioning system for precast components based on RFID and 
GPS for the purpose of reducing incorrect installation caused by components misalignment 
[Ergen et al., 2007; Chen et al., 2015]. Another system utilized RFID, mobile devices and a wireless 
communication network to build a concrete quality inspection system [Wang et al., 2008]. This 
system could improve the timeliness of the quality of inspection work, reduce operation costs and 
increase customer satisfaction. 
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The second group of applications concerns the continuous detection of workers’ exposure to 
environmental factors. For example, over-exposure to high temperature and high humidity in 
work environments may cause occupational diseases. In this case, surveillance systems based on 
RFID tags are used to track and identify workers on construction sites while using WSN to monitor 
construction environments [Huang et al., 2010; Arslan et al., 2014]. This approach allows collecting 
data in real-time and managing high temperature and high humidity working conditions. In this 
scenario, the use of some types of Wearable Sensing Devices have potential to allow collecting data 
more accurately (Table 5). In the construction field, smartwatches, wristbands, safety vests, smart 
bots, clips and tags have been either preliminarily tested or developed, even at a commercial level. 
Currently, both smartwatch-based devices and smart hard hats have been highly appreciated by 
interviewed workers and managers [Nnaji et al., 2021]. The most recent and mature applications 
are those that are devoted to smoke and fire detection, proximity to electricity cables, toxic gas 
detection, stress and fatigue/hearth rate monitoring. 

Table 5. Functions and Technologies adopted for Wearable Sensing Devices -WSD-

WSD Functions Sensing Technologies

Physiological 
Monitoring

Monitoring of workers’ body 
temperature

Thermistor, Infrared, Radar

Monitoring of workers’ heart rate, 
respiratory rate and blood pressure

ECG/EKG, Infrared, Radar

Monitoring of workers’ body posture, 
speed and orientation

Gyroscope, Accelerometer, 
Magnetometer

Monitoring of workers’ stress levels ECG/EKG, Infrared, Radar

Environmental 
Sensing

Detection of toxic gases or chemicals Infrared

Monitoring of worker proximity to 
energized cables or high voltage

GPS, RFID, UWB, Infrared, Radar, 
Bluetooth

Monitoring of noise levels Noise sensor 

Detection of smoke / fire Infrared

Detection proximity to equipment GPS, RFID, UWB, Infrared, Radar, 
Bluetooth

Detection of potential falling object Gyroscope, Accelerometer, 
Magnetometer

Detection of open trench excavation GPS, RFID, UWB, Infrared, Radar, 
Bluetooth
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Example of application:  
Dangerous Operation Management Systems

Whenever construction works are performed in an unstable and unpredictable environment, 
accurate positioning and real-time tracking of workers can also provide a reliable tool to rescue 
people in accidents. Several applications have been developed for Dangerous Operation 
Management Systems, mainly targeted to complicated locations such as tunnels and mines (Figure 
6). In this case WLANs can take advantage of fingerprint coding algorithms to estimate workers’ 
positions in tunnels, based on signal intensity within an accuracy of some meters. It has been 
successfully applied to safety management of the world’s second largest hydropower project [Lin 
et al., 2014]. A number of underground positioning systems in coal mines have been based on 
either RFID or Zigbee location systems, often integrated with complementary systems to extend 
their communication range [Chen et al., 2014; Ye et al., 2015; Panuwatwanich et al., 2020]. 

Figure 6. Dangerous Operation Management

Researchers and managers have recently agreed that Safety Training and Education has a positive 
effect on enhancing safety management and reducing the occurrence of accidents, by means of 
improved safety consciousness, enhanced knowledge of regulations, better checking of hidden 
risks and mastering effective response measures to safety accidents. Very preliminary efforts in 
the research field have been applied in data recording, stream processing and visualization at 
remote locations, e.g. by means of virtual reality tools.
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Within the construction sector, the 
annual productivity increased 1% in 
over 20 years. Site equipment are a 
“bottleneck” in infrastructure projects  
[Kassem et al, 2019]

“
Construction Equipment

Regardless the type of CSM system, it is important 
to know how to manage correctly the construction 
machineries on the workplaces. In fact, the 
productivity gap in infrastructure projects can be 
attributed to: (i) inefficiencies in the management 
of earthmoving equipment; (ii) a lack of 
performance metrics; (iii) low level of digitalization 
and automation [Kassem et al., 2019; Kassem et al., 
2021]. Current approaches to the management of 
construction equipment are presented in Table 6. 

Table 6. Core applications and enabling technologies for managing construction equipment

Core Applications Enabling technologies

Equipment productivity • Artificial Neural Networks (ANN)
• Convolutional Neural Networks (CNN)
• LIDAR scanning + Vehicle Telemetry Data

Monitoring safety of workers • General Packet Radio Service (GPRS)
• Radio Frequency Identification (RFID)
• Ultrasonic Detection Technology
• Infrared Access Technology

Equipment Data Analysis • Radio Frequency Identification (RFID)
• Building Information Modelling (BIM)

Equipment Health Monitoring • Telematics-based health monitoring

Equipment Safety Monitoring • IoT system 
• (Safety Management System for Tower Cranes)

Equipment operational &
Environmental efficiency

• Global Positioning System (GPS)
• Wireless Sensor Network (WSN)
• Accelerometers + Learning algorithms

Locating resources on sites • Radio Frequency Identification (RFID)
• Building Information Modelling (BIM)

Estimating construction costs • Artificial Neural Networks (ANN)
• Dynamic Neural Network (DNN)

Site safety indicators • Random Forest (RF)
• Stochastic Gradient Tree Boosting (SGTB)
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Use of the gathered data in Construction Safety 
Management  
        
From the information reported above, Table 7 shows the main data that is captured in CSMS by the 
enabling technologies and how that data can be used by the associated agents or stakeholders. 

Table 7. Use of gathered data in CSM

Captured data Use of data Requirements Agents / Stakeholders

Dynamic 
position of 
objects or 
equipment

• Information about 
potential collisions 
between machines

• Identification of 
disturbances to RF

• Deployment of 
onsite equipment

• Real-time data

• Machines’ drivers 
and operators

• Health and safety 
coordinators

• Employers

Dynamic 
position of 
workers

• Prediction of falls
• Prediction of collisions 

between workers and 
machines

• Rescue trapped 
workers timely in 
accidents

• Identification of 
disturbances to RF

• Deployment of 
onsite equipment

• Real-time data

• Health and safety 
coordinators

• Employers
• Supervisors

Pictures and 
videos of 
workplaces

• Inference on potential 
access into areas 
without authorization

• Enhancing quality 
inspection to reduce 
rework and schedule 
pressure

• Decentralized 
implementation of 
ML algorithms

• Cameras should 
cover the whole 
working area

• Real-time data

• Health and safety 
coordinators

• Employers
• Supervisors

Pictures and 
videos of 
workers

• Prediction of collisions 
between workers and 
machines

• Decentralized 
implementation of 
ML algorithms

• Cameras should 
cover the whole 
working area

• Real-time data

• Workers
• Machines’ drivers 

and operators
• Health and safety 

coordinators
• Employers

Distributed 
environmental 
sensing

• Prevention of 
overexposure to high 
temperatures or 
humidity values

• Position tracking 
system

• Material resistant to 
harsh conditions

• Workers
• Insurance institutes
• Employers

Body vital signs • Control of workers’ 
health

• Improve workers’ 
awareness

• Development of 
wearable sensing 
technology

• GDPR compliant

• Workers
• Insurance institutes
• Employers
• Health and safety 

coordinators
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The management of bridges (Figure 7) is critical for regional transportation system, in terms of risks 
and costs to road users [Lu et al., 2019; Jiang et al., 2021]. For this reason, life prediction methods 
can help to develop a maintenance schedule [Jiang et al., 2021]. Nevertheless, data available from 
some Bridge Management Systems (BMS) is not enough for the decision-making [Lu et al., 2019] 
and the existing approaches have a limited versatility and reliability (i.e. visual inspection) [Jiang et 
al., 2021].

D. HEALTH STATUS MONITORING  
     OF BRIDGES

DT based on high-fidelity models with updated real-time data allows to mitigate bridge degradation 
[Jiang et al., 2021]. However, such DT is commonly implemented in the design stage and neglected 
in the maintenance stage [Lu et al., 2019]. Monitoring crack initiation of large structures is not 
feasible and system states must be assumed [VanDerHorn et al., 2021]. Hence, the technician must 
identify the states of the system that could be directly monitored and those that must be inferred 
by estimating parameters [VanDerHorn et al., 2021].  

Introduction        

Figure 7. Bridge Management Systems

Life prediction methods are 
based on building and industrial 
components that have a 
simple geometry with limited 
constraints  
[Lu et al., 2019]

“
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Future perspectives should be focused on 
developing a stochastic fatigue model with 
continuous incoming information  
[Jiang et al., 2021]

“

TDTs are commonly implemented in the design stage and neglected in the maintenance 
stage [Lu et al., 2019]“

Lu et al. [2019] decided to develop a slicing-based 
object fitting method to obtain geometric data 
of digital twin (Gdt) for reinforced concrete (RC) 
slab and beam-slab bridges. They extrapolated 
that the quality of Gdt mainly depended on the 
modeler’s rigour. However, the processing time 
was very low (37.8s) compared to traditional 
approaches.

Jiang et al. [2021] proposed the use of DT to predict the fatigue life of steel bridges, implementing a 
probabilistic multiscale model. They structured the DT framework in two parts. The physical space 
mainly involved structural health monitoring as well as inspection and maintenance strategies. The 
virtual space was focused on developing models to characterize the material behaviors at micro 
and macro crack propagation level. Both spaces took information from the DT database, where 
the following items were specified: material microstructure information, structural configuration 
and fatigue parameters (i.e. load, residual life, historic fatigue data). It should be noted that there 
are random factors (i.e. material heterogeneity, residual stresses, local geometric variation) that 
cause uncertainties in the determination of propagation features. Hence, a real-time calibration 
procedure should be required. 

Lin et al. [2021] proposed a DT for the assessment of long-span cable-stayed bridges under 
earthquake effects, taking into account: the collapse damage location; the collapse intensity; the 
collapse fragility; and the collapse probability. Three finite element models were computed to obtain 
different digital twins and collapse fragility curves. A stochastic subspace identification method 
was also applied to process the measurements and natural frequencies of the physical entity. The 
researchers stated that seismic demand uncertainties could be reduced if ground motions were 
properly selected in the fragility assessment, while modelling uncertainties of a bridge depended 
on the assumptions adopted to simplify the calculation procedure (material properties, connection 
or geometries were not fully addressed in previous studies). The results of this novel approach 
demonstrated that DT could provide information about the most vulnerable components of the 
infrastructure and consequently, to facilitate maintenance management.
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Highway owners and transport agencies 
face several problems related to the data 
acquisition for bridges and other structures: 
(i) existing assessment methods require an 
extensive time to collect data; (ii) there is a 
gap between the data available in BMS (Bridge 
Management Systems) and the information 
needed for construction work; (iii) any semantic 
information is not contained in models; (iv) the 
creation of models leads to the interruption 
of transportation services. To solve the 
mentioned drawbacks, an integrated bridge 
inspection system called SeeBridge (Figure 8) 
was proposed [Sacks et al., 2018] . 

SeeBridge (Semantic Enrichment Engine for 
Bridges) is the result of a European project that 
aims to develop a rapid diagnosis of bridges 
based on remote sensing technologies such 
as terrestrial laser scanner, photogrammetry 
and drones among others. In the case of laser 
scanning, the inspector analyzes the site and 
designs the set-points that cover the entire 
structure. In the case of photogrammetry, 
the technician evaluates camera resolution, 
distance of the camera to the target and the 
required point cloud resolution. In both cases, 
a 3D solid model can be created with high 
density colored point cloud data. Furthermore, 
the defect detection and classification of 
elements is conducted by machine learning. 
This provides a useful information to create an 
execution plan and to facilitate the decision-
making in terms of maintenance, repair or 
retrofit of bridges and other structures [Sacks 
et al., 2018]. 

Figure 8. Workflow of SeeBridge Inspection Process

Example of research project: SeeBridge Project  
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Use of the gathered data in health status monitoring of 
bridges  
        
From the information reported above, Table 8 shows the main data that is captured in health 
status monitoring bridges and how that data can be used by the associated agents or stakeholders. 

Table 8. Use of gathered data in health status monitoring of bridges

Captured data Use of data Requirements Agents / Stakeholders

Geometrical 
data

• Shape representation
• Characterization of 

each component
• Reduction of human 

error in the model

• Geospatial data
• Type of geometric 

representation 
method

• Project construction 
document

• Engineers
• Operators 
• Managers

Material 
microstructure 
testing

• Microstructural 
configuration

• Development of 
a model to assess 
material behaviours

• Determination of 
indicators

• Type of monitoring
• Protocol setup

• Engineers

Bridge 
operation

• Fatigue operation
• Collapse fragility 

assessment
• Maintenance plan
• Information life
• Repair strategies
• Creation of high-

fidelity models

• Inspection 
frequencies

• Type of monitoring

• Engineers
• Operators 
•  Managers
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Road transportation management can be divided into three main domains, as shown in Figure 9. 
Whereas precise definitions will vary and depend on specific objectives, in general it can be said 
that as one moves from long term planning to maintenance and operations, the level of detail 
that is addressed (granularity of data), and the frequency at which data is collected and updated, 
increase. For a long-term planning, an excess of detail may actually be misleading. For example, 
specific operational data of traffic lights will be irrelevant, and should preferably be replaced with 
more abstract representations to reflect uncertainty, and avoid locking into specific scenarios. 
On the other hand, it makes sense to integrate models, and use a single digital twin to support 
all three domains, since their models share a lot of data regarding infrastructure, demand and 
performance. In fact, some data that can be collected during operation, such as causal connection 
between incidents (or accidents) and performance, may actually be more useful for maintenance 
and long-term planning purposes. 

E. TRAFFIC MANAGEMENT

Data flows between domains are currently limited due to a number of factors:

• Different agencies are responsible for the different domains and consequently, information 
silos are created and maintained

• The different domains address various needs, leading to different goals.

• Different models, platforms and databases are in use in each domain.

Therefore, one of the goals of a digital twin for road transportation systems should be to support 
data sharing, and to enhance modelling and analysis capabilities in all relevant domains. 

Figure 9. Road Transportation & DT
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Models for road transportation management 

The models developed for road transportation management are not usually integrated and differ 
in a number of dimensions (Table 9). 

Table 9. Model dimensions for road transportation management

Model Dimensions Planning Maintenance Operations

Model’s Spatial Scope National models Highway Element (e.g. junction)

Time Horizon for Decision -Making 5-20 years 1-2 months 1-60 minutes

Time Discretization of the Model Minute-Hour Second-hour Second-minute

Frequency of Database Updates Every 1-10 years --- Every second-minute

Static vs. Dynamic Models Typically Static --- Typically Dynamic

Space 
Discretization 

Network Main highways --- Navigation maps

Elements Link with length, capacity Geometrical design

Demand Traffic analysis 
zones, census 
block to state

---  Specific addresses

Sensing technologies for road transportation management

Within the context of road transportation, sensing technologies can be divided into stationary 
equipment or mobile equipment. 

¨ Stationary Equipment

Stationary equipment includes two main categories: structural (i.e. bridges); and control (i.e. lane 
marking). Non-structural items can be further classified as “static” (e.g. signs) and “dynamic” (e.g. 
traffic lights). Road authorities generally do not have access to detailed temporal information on 
the work carried out by contractors during the refurbishment or expansion of roads, in terms of 
temporary equipment installed (e.g. barriers, signs, etc.) and lanes temporarily changed or closed. 
Furthermore, real-time tracking of traffic lights is often done locally (e.g. within the traffic light 
controller system), so that this information remains within its silo, and is not integrated with other 
types of information or shared with researchers or the public. The upcoming integration of electric 
vehicle charging systems with road systems underlines the need for digital twins. However, digital 
twins of road systems containing up-to-date information on such equipment, and information 
that can be derived from it (e.g. maximum allowed speed for each road section), generally do not 
exist.
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There are companies that provide services 
for the anonymization and integration of 
data, but the full potential usage of these 
data is yet to materialize

“
¨ Mobile Equipment

Traffic analysis studies are based on data col-
lected with technologies such as magnetic loop 
detectors combined with cellular data [Bar 
Gera, 2007], in-vehicle data recorders [Toledo 
et al., 2008], Bluetooth receiver to track drivers’ 
telephones [Marchouk et al. 2011; Mercader 
and Haddad, 2020], and cameras for license 
plate recognition [Zhan et al. 2020] among oth-
ers. 

As seen in Table 10, most of efforts have been focused on the potential advancement of exist-
ing practices, with less attention given to the DT vision. Information on traffic that is collected by 
“black box” platforms, such as Waze and Google, includes data that is determined intermittently 
(i.e. average speed per section). Some jurisdictions use such data for operational purposes (in real 
time), for planning purposes (offline), or for both purposes. However, the usage is not ubiquitous, 
and an integrated usage for both purposes via a digital twin framework is even less common. In 
fact, it is not always connected to the road control system and consequently, it cannot be linked 
to safety events that have been logged. This affects the ability to analyse the safety of roads. In 
the case of trucks, they contain in-vehicle-recording-devices (IVDR) that record data such as their 
position, trajectory and speed. Such information is usually transmitted to the control centre of the 
company that owns the truck, as part of their fleet management strategy. Notably, there are other 
companies that provide services for the anonymization and integration of such data, but the full 
potential usage of these data is yet to materialize. Nevertheless, it could be interesting to track the 
volume of truck traffic on roads and bridges, which affects the infrastructure state and the need 
for refurbishment. 

Table 10. Traffic Sensing Technologies and Wireless Communication Technologies

Traffic Sensing Technologies Wireless Communication Technologies

Inductive Loop,  RFID
Microwave radar,  Acoustic
Magnetometer,  Magnetic

Infrared, Aerial / Satellite Imaging
Ultrasonic, VIP, LPR

Wi-MAX, ZigBee
Bluetooth, UWB

WI-FI, GSM
GPRS, RFID
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Examples of Transportation Information Systems:  
RITIS in USA 
RITIS (Regional Integrated Transportation Information System) is an awareness and analytic 
platform from the USA for solving in real-time complex problems of transportation networks 
such as: evaluation of safety/mobility enhancements; prioritization of investment decisions; 
measurement of operational performance; and system monitoring [RITIS, 2021]. This allows to 
reduce the cost of planning activities and ensure an effective decision making. The data is stored 
in a private cloud and disseminated by credentialed users (i.e. transportation officials, agencies, 
planners, researchers). Table 11 shows examples of data that are managed by RITIS. 

Table 11. Type of data, agents and enabling technologies involved in RITIS

Type of Data Agent who  
introduces data Enabling technologies

Traffic volume, speed and 
occupancy

Agencies 
Third Parties 

Inductive loops, radar, video
Probe-based systems (Bluetooth)

HERE technologies, INRIX, TomTom

Work Zone
Incident Information 

(location, severity, 
vehicles)

Agencies Dynamic Message Signs (DMS)
Highway Advisory Radio (HAR)

Crowdsourced Waze Data 
(collisions, congestion etc)

Agencies 
Third Parties 

DOTs Platforms & CAD Systems

Weather Data Public users Roadway Weather Information Systems 
(RIWIS)

Device Operational Status National Weather 
Service

Third Parties 

Traffic detectors
Dynamic Message Signs (DMS)
Highway Advisory Radio (HAR)

Roadway Weather Information Systems 
Closed Circuit Television (CCTV)

Managed Lane Status Departments of 
Transportation 

High-Occupancy Vehicle (HOV)

Transit Alerts Transit providers Service Disruptions

Vehicle Locations Freeway Service 
Patrols

AVL Hardware 

Signal status
 Signal Timing Plans

Departments of 
Transportation

Signal Phase & Timing Plans (SPAT) 

Computer-aided Dispatch 
Information

Public Safety Systems 
(medical services, fire 
services, law services)

Dispatch requests
Responder requests

Vehicle Travel Time Network Users License Plate Recognition
Global Positioning Systems

Cell Phone Tracking
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Examples of Transportation Information Systems:  
TRIMIS in Europe 
TRIMIS (Transport Research and Innovation Monitoring and Information System) assesses 
technology trends and R&I capacities in the transport sector, providing open-access information for 
different institutions and the population in general [European Commission, 2021]. Furthermore, 
it maps smart mobility and services (SMO) across Europe, through the implementation and 
monitoring of STRIA (Strategic Transport Research and Innovation Agenda) that is presented in 
Figure 10.

Figure 10. STRIA Roadmap

Concerning Smart Mobility & Services, TRIMIS provides a dashboard that includes: geographical 
distribution of H2020 funds, average daily funding per mode of transport (air, multimodal, 
rail, road and water), division of funding between Member States, division of funding between 
organizations, H2020 SMO funding beneficiaries per scheme and member state collaborations. 

Regarding monitoring tools from external resources, TRIMIS established six: (i) Green Driving; 
(ii) Powertrain Technology Transition Market Agent Model (PTTMAM); (iii) CO2 Emissions Vehicle 
Simulator; (iv) European Alternative Fuels Observatory; (v) Connected Automated Driving; (vi) In-
vehicle Battery Durability. 
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Use of the gathered data for traffic management 

From the information reported above, Table 12 shows the main data that is captured in health 
status monitoring bridges and how that data can be used by the associated agents or stakeholders.

Table 12. Use of gathered data for traffic management

Captured data Use of data Requirements Agents / Stakeholders

Status of static 
equipment 
(structural and 
non-structural)

• Reliable information 
on current state of 
infrastructure

• Video images should 
be automatically 
processed

• Road authorities
• Transportation 

planners

Status of 
roads under 
refurbishment 
or expansion

• Enhancement of road 
safety

• Contractors’ 
Information should 
be modelled in BIM 
and shared

• Road authorities
• Contractors
• Transportation 

planners
• Public safety 

systems
• Road users

Status of 
dynamic 
equipment 
(e.g. traffic 
lights)

• Traffic control, 
transportation 
planning

• Traffic light controller 
system

• Integration of 
different types of 
information

• Road authorities
• Transportation 

planners

Status of mobile 
equipment 

• Operational purposes 
(online)

• Long-term planning 
purposes (offline)

• Integration of “Black 
box” platforms and 
in-vehicle-recording-
devices

• Road authorities
• Transportation 

planners
• Researchers
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Future perspectives: Data  
management processes towards 

developing digital twins for urban 
build assets

02
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According to IET [2019], the retrofitting of existing build assets can be supported by digital twins 
(DT). In fact, DT could help to achieve an efficient management of demand in urban places and 
transport infrastructure, to adapt landscapes for the reduction of drought impacts, to identify 
patterns etc This section aims to introduce the concept of digitalization paradigm and how this 
leads to the development of innovative technologies like digital twins for urban build assets. By 
way of example, this document focuses on three applications in the built environment: product 
lifecycle management for building facilities or products for building surroundings, prognostic and 
health management in construction, and urban planning (in terms of intelligent transport systems). 

FUTURE PERSPECTIVES: DATA 
MANAGEMENT PROCESSES TOWARDS 
DEVELOPING DIGITAL TWINS FOR 
URBAN BUILD ASSETS

Figure 11. Digitalization paradigm

What is the evolution of the digitalization paradigm? 

The evolution of the digitalization paradigm can be divided into four stages, as shown in Figure 11. 
The first stage was digital enablement, through which the scientific community sought to achieve 
the digitalization of text. The second stage was the digitalization of assistance, where computers 
were used at the job-level to store, process and transfer information. The third stage was digital 
control and linkage, where several computers within an enterprise were linked by internet or 
automatic control technologies to achieve business digitalization. The last stage refers to the 
cyber-physical integration, where the target is industrial ecology digitalization through IoT, cloud 
computing, Big Data, Artificial Intelligence (AI) and Digital Twins (DTs) among others [Qi et al., 
2021]. Within Industry 4.0, DTs support digital transformation and enable new business models as 
well as decision-making systems [Ritto et al., 2021; VanDerHorn et al., 2021].
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A DT database contains a 
large amount of generated 
and stored data related to 
the lifecycle of a physical 
system

“

A Digital Twin (DT), defined as a probabilistic 
simulation of a complex system, tracks 
current and past states of a physical system 
[Liu et al., 2021; Ritto et al., 2021; Teng et 
al., 2021]. According to IET report [2019], 
DT is a realistic digital replica of real-world 
infrastructure (assets, processes or systems 
in the built or natural environment) that offers 
solutions to tangible problems. As depicted 
in Figure 12, a DT involves four dimensions: 
(i) physical entity (i.e. vehicle, device, product 
lines, aircraft, structure); (ii) digital entity 
(i.e. model, simulation, forecasting); (iii) data 
interconnection (i.e. technical knowledge, 
maintenance routine, health status); (iv) 
services [Boje et al., 2020; Jiang et al., 2021; Lin 
et al., 2021].  

It should be noted that a DT database contains 
a large amount of generated and stored 
data related to the lifecycle of a physical 
system (design, construction, operation, and 
retirement stages) [Jiang et al., 2021; Kong et 
al., 2021]. Historical data and sensor data from 
the monitoring and inspection of a physical 
system are used to simulate different future 
operating conditions in a virtual system [Jiang 
et al., 2021; Kong et al., 2021]. As regards 
the interpretation of gathered data, this 
implies several steps (i.e. analysis, integration, 
visualization) [VanDerHorn et al., 2021]. 

What is a Digital Twin?  
        

Figure 12. Dimensions of a digital twin



39 Data Management at Urban Scale

Different protocols 
and operational 
rules are required to 
create modules of DT 

[Teng et al., 2021]

“
Data transmission 
to a cloud server is 
expensive & difficult 

[Liu et al., 2021]

“

The first accepted conceptual definitions of DTs were drawn up by Grieves in 2003 and NASA 
in 2010 [Qi et al., 2021]. Actually, most of the early studies about applications of DTs can be 
found in the aerospace sector (aircraft), in terms of prognostic and health management (PHM) 
[Mi et al., 2021] or product lifecycle management (PLM) [Yi et al., 2021]. However, concepts and 
applications of DTs are still evolving [VanDerHorn et al., 2021]. Qi et al. [2021] stated that DTs are 
applicable in the aerospace, smart city, construction, manufacturing, maritime, energy, agriculture, 
automobile and healthcare sectors. In contrast, other researchers highlight that there is a lack of 
specific examples of DTs which could demonstrate the potential of this technology in practice [Lu 
et al., 2019; Mi et al., 2021; VanDerHorn et al., 2021]. Liu et al. [2021] added that several studies 
related to manufacturing were developed theoretically or in the laboratory. Hence, the scope of 
a DT depends on the portion of the physical entity to be modeled, the level of abstraction or 
model fidelity, and the maturity spectrum [IET, 2019; Liu et al., 2021; VanDerHorn et al., 2021]. 
In construction industry, the benefits of DTs are: reduction of construction and operation costs, 
increase of productivity,  increase productivity, improve safety and enhance asset performance 
[IET, 2019]. However, some limitations can be given (Figure 13): no consistent terminology of DT; 
low automation of data exchange; individual validation of components is required; high variety of 
tools, technologies and protocols; uncertainty of models; unidirectional data flow is unidirectional 
and its transmission is expensive and difficult; and the cost depends on the algorithm complexity 
and know-how [Liu et al., 2021; Teng et al., 2021; VanDerHorn et al., 2021].  

What is the scope of a Digital Twin?  
Potentials and Limitations  

        

Figure 13. Limitations of Digital Twins
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Only 5% of papers 
consider the full lifecycle of 
a product/ process

[Liu et al., 2021]

“

Product Lifecycle Management consists of five steps: plan, define, build, assist and end of life (Figure 
14). Normally, product prediction is mainly implemented for the product use and service stage, 
neglecting the product assembly stage. The traditional approaches do not guarantee data traceability 
for different types of information sources or technical status [Yi et al., 2021]. Nevertheless, modern 
manufacturing presents high demands of products, high quality of products and rapid market 
response [Liu et al., 2021]. DTs can predict internal or external disturbances of work performance 
(i.e. degradation of machines, variations in quality of raw materials, etc.), and operate a close-loop 
simulation to update human-robot task allocation [Liu et al., 2021]. This allows a minimization of the 
number of empirical tests that are required, and reduces costs and computation time [Knapp et al., 
2017, Yi et al., 2021] compared to the conventional assembly process. In this way, manufacturers 
can adopt better practices and incorporate circular economy [IET, 2019]. DTs can also consider 
all geometrical properties of an entity that could affect the product assembly quality, though this 
requires the continuous tracking and monitoring of the physical entity [Yi et al., 2021].  

Example of application:  
Product Lifecycle Management & DTs  

        

Figure 14. Product Lifecycle Management (PLM)
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The components of a DT of a manufacturing asset should reflect technical specifications (a list 
of static attributes), functional capabilities (dynamic features that are shop-floor-dependent) and 
information availability (status of the monitored machine). To easily virtualize a factory, a bottom-
up approach is recommended to create a multi-granular DT structure (enterprise level, factory 
level, equipment level) [Lu et al., 2018]. In terms of product assembly processes, real-time DT data 
consists of two types. The first type is synchronized perception data for assembly resources, which 
considers information related to product features (i.e. materials, equipment, etc.) and is gathered 
by IoT technology (i.e. RFID, sensors, QR). The second type of data is focused on synchronized 
measurements for assembly process, which are obtained by hardware devices (i.e. laser scanning 
or reverse engineering) to determine the real geometrical status of the elements that constitute 
the product. Both types of data enable the sensibility analysis to check assembly precision and 
reliability [Yi et al., 2021]

Within the fault diagnosis field, traditional 
approaches are focused on either the model-
driven method or the data–driven method, but 
neither reflect the dynamic physical entity [Mi 
et al., 2021]. In the model-driven method, the 
degradation evolution process is created by a 
reference model. This can be achieved by means 
of a Markov model, support vector machine or 
statistical process control in order to diagnose 
the health state of the equipment [Mi et al., 2021]. 
In the data–driven method, a limited number of 
operating performance indicators are adopted in 
neural or Bayesian networks to map the health 
state of an equipment. 

Example of application: Prognostic and Health  
Management (PHM) in Construction & DTs 

        

The maintenance service 
environment is dynamic, since 
some parameters can change 
(i.e. scheduling time, cost, 
customers’ demands, market 
competition etc) 

[Mi et al., 2021].

“

DTs allow an optimization of the life cycle, especially in complex system with several components 
and multidisciplinary technologies that require different maintenance resources [Liu et al., 2020; 
Mi et al., 2021]. Nevertheless, research efforts are focused on increasing the reliability of the fault 
state prediction for a target, without optimizing the entire process that constitutes the maintenance 
plan [Mi et al., 2021]. 
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Figure 15. Key city concerns related to road transport

As shown in Figure 15, the main concerns related to road transportation in cities are the following: 
vehicle-to-population ratio, use of individual transport, efficiency of urban passenger transport, 
urban area development, air pollution management and road safety [Rudskoy et al., 2021]. Hence, 
the design and construction of a roadway should consider accurate estimations of traffic volumes, 
to avoid a significant deterioration of the pavement [Broekman et al., 2021] and to enhance the 
transportation network [Rudskoy et al., 2021]. 

The interrelation among DTs, IoT and traditional civil engineering knowledge is known as Civiltronics 
[Broekman et al., 2021]. DTs can assess the transportation network and produce proposals for 
optimizing the traffic management [Rudskoy et al., 2021].   
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An intelligent transport system (ITS) includes transport infrastructure, services, vehicles, telematics 
equipment of the infrastructure and vehicles, intelligent information boards, centers of data 
collection and data processing, and centers of traffic management [Rudskoy et al., 2021]. The 
virtual representation of electric vehicles cannot reflect the subsystem interdependencies, due 
to the large datasets generated over the vehicles’ lifecycle [Bhatti et al., 2021]. Some previous 
studies developed control platforms to maximize energy savings or increase stability levels [Zang 
et al., 2016; Guo et al., 2019; Li et al., 2019]. Nevertheless, a DT enables the replication of the multi-
domain system, including the modelling of electrical and mechanical systems as well as the control 
of product assembly [Bhatti et al., 2021]. 

  
According to Bhatti et al. [2021], the application 
of DTs in the automotive industry involves 
seven areas: (i) intelligent driver assistance 
(i.e. vehicle interaction analysis, decision 
making using deep-learning); (ii) autonomous 
navigation (i.e. propulsion drive control, 
predictive motion modelling); (iii) converters 
and inverters (i.e. remote troubleshooting, non-
invasive diagnosis); (iv) user’s comfort and user’s 
safety; (v) digital design and manufacturing (i.e. 
production efficiency optimization, flexible 
cell-manufacturing, etc); (vi) vehicle health 
monitoring; (vii) battery management systems 
(i.e. smart charge control, grid automation) 
[Bhatti et al., 2021]
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Over a decade, the development and integration of “soft” information-driven technology (i.e. 
construction process optimisation techniques –BIM-, sensing systems, unmanned aerial vehicles 
–UAV- etc) dominated research and activities in the area of on-site construction (including 
automation and robotics). Recently, a constant growing interest in the development of “hard” 
physical-mechanical robot systems for the execution of specific tasks on the construction site 
can be observed. Nevertheless, guidance on the design and project management is required to 
employ the best practice of know-how and accelerate an efficient development and marketization. 
Special consideration in such procedure models must be given to design and develop sub-systems 
of a larger digital construction approach that are seamlessly integrated into the underlying sensing 
and data management approaches. This manifests itself in an increase in academic research 
activity, joint industry-academia collaboration projects, the emergence of numerous start-ups, and 
a strong and growing interest of large, established organisations towards the development of data 
sensing technologies. 

For this reason, the identification of stakeholders is essential to find opportunities or overcome 
barriers in the civil and industrial sector. Based on the information reported in the first section, 
a map of stakeholders can be proposed for the data management of infrastructure projects at 
urban scale. As shown in Figure 16, people or institutions are distributed in four quadrants or 
roles: key players, defenders, latent stakeholders and audiences. 

• The key players or promoters present a higher influence and interest on the project. They can 
correspond to big investors or to entities that make decisions or validate assumptions in the 
infrastructure lifecycle.  

• Defenders are potential supporters that must be completely informed, since they are frequent 
users. Even so, they can make smaller investments. 

• The latent stakeholders are people or institutions whose needs should be met or anticipated. 
They have a high influence or power on the interest area. 

• The audiences are minor stakeholders that should be monitored, although they present low 
stakes. 

STAKEHOLDER ANALYSIS FOR  
THE BUILT ENVIRONMENT
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Figure 16. Map of stakeholders  for data management of infrastructure projects at urban scale
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This document summarized several topics related to data management at urban scale. In the first 
section, enabling technologies for data collection in the operational stage of urban infrastructures 
were assessed, highlighting core applications such as: pavement maintenance, urban building 
energy modelling, operating equipment, construction safety management, health status 
monitoring of bridges, and traffic management. In the second section, the attention was focused 
on the evolution of the digitalization paradigm until the appearance of digital twins, the current 
limitations of digital twins and the most common applications of digital twins. 

It can be extrapolated that some domains or core applications share technologies between them. 
For instance, RFID (Radio Frequency Identification) is used in operating equipment, construction 
safety management, and transportation information systems. This could decrease the cost of 
mature sensing technologies compared to the very innovative ones. In contrast, the application 
of artificial neural networks or digital twins is still an ongoing effort, and the applicability range 
is reduced to operating equipment or product lifecycle management. In future, construction 
technologies will serve as end points and key nodes in digital data management and construction 
chains (including building maintenance and disassembly). For this reason, and according to BDTA 
et al. [2021], privacy management tools should be incorporated to ensure data transactions and 
public reporting. By way of example, the level of aggregation of data could help to enhance the 
robustness of a system, and to increase the traceability of decisions in each stage of the life cycle 
analysis of a product or construction element among others. 

Finally, it should be noted that the development of technologies at urban level can only be 
successful when every agent and player is providing its own contribution towards digitalization 
in a coordinated way. Policies must be directed towards that collaboration and consequently, 
there cannot be duplication of efforts. Besides, interfaces must be managed to make sub-systems 
interoperable. In other words, an overall coordination among stakeholders is required to take 
advantage of the digitalization effort. 

CONCLUSIONS
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