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The adoption of BIM has
streamlined the design process
by facilitating communication
between the players involved and
has proven that the deployment
of digital solutions may greatly
improve productivity.

A DBT can provide a decision
support environment, bringing
together an automated

system able to capture on-site
information and the services
able to process, analyse and
transform this raw information
into knowledge.

Thus, this project sought to
highlight the potential of the
DBT concept for optimising
construction processes based on
digital monitoring on site and in
the supply chain

BI MmTWIN

Executive Summary

The construction sector is often described as a low-productivity sector, weak in
terms of innovation and slow to adopt digital solutions. However, the adoption of
BIM has streamlined the design process by facilitating communication between
the players involved and has proven that the deployment of digital solutions may
greatly improve productivity.

The act of construction brings together professionals from different companies
around the same project for a limited period, and as a result the construction
process is affected by numerous problems, such as design and planning issues
(both human resources and materials), unsuitable working methods or equip-
ment, as well as safety and security issues for workers on site.

The concept of the Digital Twin was first mooted in the 1970s. Initially evoked in
relation to factory production processes, the notion has evolved and spread to
other areas such as engineering, product design, simulation, predictive mainte-
nance, etc. The popularity of the concept has increased considerably in recent
years with technological advances such as the Internet of Things (loT), artificial
intelligence (Al) and advanced 3D modelling.

For the construction industry, the adoption of Digital Building Twins (DBT) in
the construction site offers the promise to address the inherent complexity
of construction activity. A DBT can provide a decision support environment,
bringing together an automated system able to capture on-site information and
the services able to process, analyse and transform this raw information into
knowledge. Accurate and reliable knowledge of the current status facilitates the
decision mechanisms in planning production systems that have some resilience
to unforeseen events that occur randomly during on-site activities. Applied to
the construction sector, a digital twin is a virtual replica of a building or physical
infrastructure that already exists or is under construction.

This is the context for the BIM2TWIN project, which aimed to research, devel-
op and test a technical solution system that includes a comprehensive set of
tools for monitoring the progress of a construction site, focusing on monitoring
the construction process, assessing the quality of construction, monitoring the
safety and security of workers on site, and optimising the use of equipment. The
solution developed in BIM2TWIN also includes a service that takes account of
deviations from the planned schedule reported during construction and pro-
poses alternative plans to respond to these deviations as effectively as possible.
Thus, this project sought to highlight the potential of the DBT concept for op-
timising construction processes based on digital monitoring on site and in the
supply chain, on artificially intelligent diagnosis of the monitored data, and on
simulation and predictive analysis of proposed alternate production plans.

In the approach followed by the consortium, the first elements of reflection were
to understand the current practices of the consortium’s construction companies
and to develop with them, based on their practices, new processes encompass-
ing the adoption and use of the digital twin. The outcomes of this very first step
were the specification of typical processes, the definition of Key Performance
Indicators (KPIs) and an initial compilation of the concepts/notions/vocabularies
handled by the various stakeholders. Next the exchanges themselves were an-
alysed, enabling the initial requirements to be outlined in terms of application
programming interfaces (APls) and the necessary contents of communication
between the services to be developed.
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Figure 1. BIM2TWIN global
architecture.

The architecture adopted was to store information on the progress of construc-
tion, interpreted from the monitoring systems, in a central database which is
fed by specialised services. The central database also contains the design intent
information, consisting of the design BIM models (Building Information Model-
ling) and the construction plans (described using a work breakdown schedule, a
location breakdown schedule, and a table of resource allocations). The central
database is the pivotal element of the BIM2TWIN architecture, allowing the con-
nection of various technical services, ensuring dialogue between these services,
and enabling the progress and current status of the construction site to be que-
ried via a dedicated dashboard displaying the values of the various KPIs.
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The BIM2TWIN project team defined the ontology for the domain of DBTs, and
this enabled the team to design, build and implement a knowledge graph da-
tabase. Five services have been developed and connected to this component,
focusing on specific construction management aspects and specific data acqui-
sition technologies:

- A service for monitoring the construction process and volumetric control
of built elements. This service uses point clouds collected from time to time
on site as input data and compares them with the elements in the construc-
tion plan described in the BIM and the schedules. Specific focus was placed
on identifying and monitoring construction progress for walls and columns.

- A service for monitoring the construction process and the surface control
of built elements. This service uses images collected on site using cameras
as input data to analyse the progress of the construction process for certain
elements (particularly columns) and compare this on-site progress with the
planning; It also detects surface defects on built elements, enabling the iden-
tification of quality defects in the construction process.

- A service focusing on worker health and safety. This service connects to
the platform to extract a BIM model reflecting the planned status of construc-
tion at any given future time. This model is analysed to identify potentially
hazardous areas for the workers. A new BIM is then generated by the service,
called a SafeBIM, containing the additional elements (guard rails) to make the
working areas safe.
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The BIM2TWIN teams captured
data from active construction
sites belonging to all three of
our construction company
partners and deployed the newly
developed tools for a variety of
construction projects.

Pilot sites were identified by
three construction companies
and project partners: Fira, Spada
and Acciona, located in Finland,
France, and Spain, respectively.

- Aservice dedicated to equipment detection and optimisation. This service
recognises the equipment used on site, as well as its movements and trajec-
tories. It provides information on the usage rate of each piece of equipment
and can also be linked to the previous service to determine whether the tra-
jectories or use of this equipment represents a danger to workers.

- A service dedicated to optimising production plans. This service propos-
es and evaluates alternative plans based on user-defined parameters. Con-
struction planners can adjust various decision parameters, such as increasing
or decreasing the work force of trade crews, increasing or decreasing the
amount of equipment available on site, or changing the flow control policy.
The service can simulate and thus predict the most likely outcomes of differ-
ent construction plan alternatives, including that of the baseline plan, at any
time, using the information stored in the DBT. Thus, in the event of deviations
identified by the previous services, this service can take into account the
progress made at a given moment, the faults identified, propose alternative
schedules that take account of this feedback from the field, and support de-
cision makers in deciding how to reconfigure their resources and assignments
to best meet their cost, quality, schedule and safety targets.

Finally, the project also sought to evaluate the performance of these innova-
tions in the field. The BIM2TWIN teams captured data from active construction
sites belonging to all three of our construction company partners and deployed
the newly developed tools for a variety of construction projects. A deployment
method was put in place and various demonstration sessions were held to enable
our solution to be evaluated by people at the sites being monitored. This process
included planning the demonstration activities, designing monitoring methods,
setting up the platform’s implementation in the pilot projects, implementing the
platform and the services, and finally evaluating their overall performance. The
evaluation phase was done on a two-cycle iterative process to improve the plat-
form’s functionalities according to the users’ feedback.

Pilot sites were identified by three construction companies and project partners:
Fira, Spada and Acciona, located in Finland, France, and Spain, respectively. This
gave the demonstration a broad range of applications since each company has
its own practices, its own local context, and the individual pilot projects varied
considerably from one another, with different types of uses and construction
technologies. This also enriched the results.

From the users’ point of view, the BIM2TWIN Digital Building Twin Platform
(DBTP) is the central part of the overall system environment. It is the core,
where all data should be integrated. Both design intent information (BIM and
construction plans) and project status information (provided by the monitoring
services) are input into the DBTP. The service functions read this data, process
new information, and input it too to the platform for project plan decisionmakers
to access from the dashboard through the KPIs and the 4D viewer tool.

In this white paper, we describe each of the BIM2TWIN services and compo-
nents. We also pose and provide answers to basic questions about Digital Twin
Construction (DTC), the Digital Building Twin Platform (DBPT), and the different
services that the BIM2TWIN system concept can provide to construction plan-
ners. Finally, we describe the advantages it may provide over traditional con-
struction production systems and conclude with potential topics we do think will
be interesting to investigate in future research.
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BIM2TWIN proposes a
comprehensive, holistic approach
to application of the digital twin
concept to building construction,
in an attempt to fulfil the
promise of the new Digital Twin
Construction (DTC) paradigm

Introduction

Imagine a construction project where the managers know the real-time status
of everything happening on site and throughout the whole supply chain: the
current progress and quality of the work, current locations of workers, equip-
ment and materials, safety conditions, etc. Imagine managers at all levels have an
overview over design information and subcontractors’ commitments to pending
work; that all people involved have access to reliable, accurate, real-time infor-
mation of the project status, information essential to coordinate their work with
others. In this scenario everyone has thorough situational awareness.

Enormous value could be generated and much production waste (waiting time
for crews and equipment, waste of materials, rework due to quality defects and
mistakes in design information, etc.) could be avoided if such real-time infor-
mation were available. Removing these wastes in order to shorten construction
schedules, reduce budgets, enhance quality and safety, and reduce carbon foot-
print, is predicated on achieving comprehensive situational awareness by com-
prehensive monitoring of construction projects and the desired outcomes in
terms of costs, quality, schedule and safety. This is our vision of a Digital Building
Twin (DBT): BIM2TWIN.

BIM2TWIN proposes a comprehensive, holistic approach to application of the
digital twin concept to building construction, in an attempt to fulfil the promise
of the new Digital Twin Construction (DTC) paradigm [Sacks, Brilakis, Pikas, Xie
and Girolami; 2020]. It consists of a digital building twin platform and an exten-
sible set of construction management applications that provide full situational
awareness (see Figure 2). In the current state of the art, researchers and start-
up companies have taken a direct approach - identify a construction manage-
ment problem, select one monitoring technology to provide data, and attempt
to provide a valuable service. Yet this is severely limited, because the reliability
of information inferred from a limited data stream is unreliable and inaccurate,
and because the approach is not extensible nor scalable. Instead, as shown in
the BIM2TWIN platform pools multiple monitoring data sources, interprets and
merges the data to provide information, and exposes the information to a suite
of construction management applications (through an application programming
interface — APl - of the Digital Building Twin Platform - DBTP) and/or directly to
users through a visual information dashboard. The system as a whole is depicted
in Figure 2.
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Figure 2. BIM2TWIN Platform and
Applications. BIM2TWIN
proposes a digital building twin
platform and an extensible set
of construction management
applications that provide full
situational awareness.
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Our starting point for this vision is to recognize that the DBT must capture the
physical status of the building and the status of the construction process. This
information is called the Project Status Model (PSM), which represents both the
as-built product and the as-performed process. The DBT must also correspond
directly with both the building design (the product) and the construction plan
(the process). Therefore, its information component objects must relate to the
objects in the Building Information Model (BIM), objects representing both the
as-designed product and the as-planned construction process. We also recog-
nize that the DBT is not simply data collected from monitors and sensors on site:
it is a complex, whole system, with many components, which must work together
to support the full production management and control cycle. This means that
the raw data collected from multiple sources, on and off site, must be inter-
preted in combination in order to produce meaningful information about the
product and process status. The information technology backbone of the DBT
must be robust enough and standardised to support many different uses of its
information.

In the BIM2TWIN proposal, we suggested that property graph representations'
were the most appropriate technology to merge all the information, based on
the BIM product and process plans but also incorporating the project status
information. We further proposed that the Al algorithms needed for interpreting
actual status from multiple streams of raw monitoring data must be embedded
in the information backbone, providing API interfaces for the wide variety of
developers that will implement the management and design applications that
will help construction workers implement the functions listed above (Figure 2).

1 Property graphs are the common-denominator information model of most existing
graph databases.
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Objectives When the BIM2TWIN project began, R&D in the construction industry had al-
ready provided some constituent parts of such a holistic system. The state-of-
the-art was such that many monitoring technologies had been devised, tried and
tested on construction sites. Likewise, BIM technology was mature. However,
none of this work and none of the existing tools were then understood in the
context of a holistic Digital Twin Construction paradigm. Construction with a
system such as that developed in BIM2TWIN will be different in important ways
from the current, traditional, wasteful methods we see on today’s construction
sites.

We planned, therefore, to achieve these objectives:

a. Conceptualize the function of a holistic digital twin information system model
with respect to user requirements and operational scenarios;

b. Design and implement the holistic digital twin information system platform,
adding the PSM to the BIM models and adding the artificially intelligent func-
tions needed to run it;

c. Integrate existing monitoring and sensing technologies with the new BIM2TWIN
platform, and rigorously test the performance of the new Al Interpret and
Merge tools to fuse the data streams and produce useful information;

d. Specify, design and implement construction management applications on the
basis of the BIM2TWIN platform; test, verify and demonstrate their function
in isolation;

e. Develop the platform, applications and processes, test them on construction
projects, refine them, demonstrate them and communicate the knowledge.

In the following chapters, we describe in some detail how these objectives were
tackled and achieved. Yet before diving into the detail, we define the overall
system architecture, into which all of the components described in this white
paper fit.

System Figure 3 below depicts the conceptual design of a construction process support-
ed by a digital building twin. The flowchart has data and information stores and

ArChltectu re information processing activities. The main stores are:

i. The design and planning information, labelled BIM, is the as-designed and
as-planned information.

ii. The physical building, the building itself, the products being fabricated off-
site, and the resources engaged in the construction.

iii. The project status model, labelled PSM, which is the information component
of the digital building twin. This is the current state of the project, reflecting

the most up to date as-built and as-performed information available.
There are also three supporting information stores:
iv. The raw data drawn from the monitoring and sensing technologies.

v. Industry standards, which contain construction industry codes, product cat-
alogues, production methods and rates, etc., all of which are used for design
and planning.

vi. Historical digital building twins, which accumulate over time, and are a valua-
ble resource for case-based design or planning and for training machine-learn-
ing software modules.

The Design and Plan activities generate the as-designed product information
and as-planned process information. At any given point in time, the design and
plan information can be stored as a version - this will usually happen at ‘design
freeze’ milestones during the design phase, and will happen more frequently

e Nrwin Bl £V funded project GA no. 958398 10




Figure 3. BIM2TWIN digital building
twin system architecture.
situational awareness.
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during construction, as the design and the schedule are updated to reflect man-
agement decisions. The as-designed/as-planned information drives the construc-
tion process itself, through Build (control construction) activity. The result is
the physical building twin, which in this construction stage, incorporates not
only the finished parts of the building, but also all the material waste, temporary
works, construction equipment and the construction crews employed in building
the facility. In the “Monitoring” activity, a wide array of data is collected from
the site and from the construction supply chain. These include data generated
from spatial, visual, thermal, structural, geotechnical, environmental and oth-
er sensors, on-board construction equipment ‘black box’ monitors, drones, or
mobile device construction control apps used by supervisors and workers. They
also include records from supply chain digital information systems (transaction
records), voice command records or other audio, satellite imagery, etc. This data
is then pre-processed by the Interpret and Merge software modules.

Interpret and Merge, although shown as a single process box in the figure, is a
set of diverse software modules, each programmed to derive the current status
of some aspect of the construction product or process, i.e. convert data to in-
formation, using complex event processing [Buchmann and Koldehofe; 2009].
For example, imagine that a faucet is being installed in bathrooms on all floors of
a multi-story building. After the third floor is complete, the data might include a
scanned point cloud of the floor, a delivery note that includes the faucet itself,
data from the workers’ construction app (on their mobile phones), and a photo
taken of the faucet. From these different data sources, an interpretation module
may derive information about this specific faucet: when its installation began,
when it was completed, net working hours for installation, etc. This newly de-
rived information is written to the PSM, including meta-data denoting when the
data was collected and what sources were used to derive the information.

Design

bl

Archive

Predict
Build
—> performance »|As-designed product] u! . <
(analyse and (control construction)
A As-planned process
simulate)
y
o0 Digital Building Twin Jl Physical Building Twin §
£ ! i o
£ Evaluate T
2 é conformance &
T S (product and g
& 9 process) ke
j= <
.80 Q
8 o
a
Interpret
As-built product and Merge

Historical Digital
Building Twins

As-performed
process

Raw data |<7 Monitor

1Pl - Project Intent Information

Long-term knowledge feedback 2PS| - Project Status Information

The project status information contains both the as-built product informa-
tion and the as-performed process information, which are, in principle, tightly
linked and interdependent. All new project status information records are time-
stamped, so that the status of the project at any given point in time can be
extracted as a Digital Building Twin state.
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The Evaluate Conformance process is also implemented through a set of soft-
ware modules. Their purpose is to make value judgements about the status, and
they draw on information from the PSM and from the BIM, historic digital twin
model information, and industry standards (general knowledge about the prod-
uct or process being analysed - industry standard production rates, for example).
For example, in the case of the faucet installation described above, one might
conclude any one or more of the following: the faucet was installed wrongly, the
required quality was not achieved, and the time taken was excessive compared
to standard toilet installation durations. This can support evaluation of the rea-
son for the problem - the wrong faucet was delivered to site and installed; the
faucet was correct but the pipes or the wall behind them were not built as-de-
signed; the plumber was not qualified or did not use the right tools; etc. These
modules derive new knowledge about the products and the processes, and this
knowledge is also stored in the digital building twin.

The next step, the last in the scope of the BIM2TWIN architecture, is Predict
Performance. This action computes the probable outcomes of the project going
forward from the current status date. If no change to either design or plan is con-
templated, then the result of this computation will be a set of possible outcomes,
each with a distinct probability of occurrence, expressed as results for budget,
schedule, quality, safety, production flow quality, and other indicators. The input
data is the current status PSM and the future BIM information. Similarly, any
proposed change to design and/or to construction plan can be simulated to pre-
dict its outcome. In this way, alternative scenarios can be compared, to support
management decision making going forward in the project. This is the decision
phase of the data-information-knowledge-decision continuum.

BB cu funded project GA no. 958398 12




1. Digital Building Twin: the Platform

Figure 4. Platform architecture of the
DBTP.

The Digital Building Twin Platform (DBTP) is responsible for managing all infor-
mation related to the Digital Twin (DT) of the construction site. This includes as-
pects like organizing the information in a structured way and handling the access
rights of stakeholders. The basis of the DBTP is the so-called Thing’in platform
developed by Orange [Coupaye, Privat, Ottogalli, Raipin-Parvedy, Camus, Bolle;
2018]. Besides other functionalities, it includes a graph database, which allows
the explicit representation of the complex relationships between different con-
struction site entities. In graph databases, knowledge is represented as a network
of nodes connected through edges. By using different types of nodes and edges
and attaching attributes to them, information with complex relationships can
be represented. In the DBTP, the graph database serves as the single source of
truth for all digital twin information. It encompasses planning information from
the construction company, raw monitoring data captured on-site, and insights
gained by external Digital Twin Services (DTS). It is essential to mention that
the DBTP does not perform any data processing. External DTSs perform the
processing. Depending on the specificities of a construction project and the use
cases of interest, the required DTS should be selected accordingly. The architec-
ture of this platform is described in Figure 4.

Due to the large number of software components and external services that
interact with the DBTP, a strong focus was put on precise data structures. A new
data schema was developed for the frame of digital twins of the construction
phase, relying as much as possible on existing standards but also defining new
terminology whenever necessary. This schema served as the internal schema of
the DBTP but has the intention that other companies and projects can reuse
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it for similar use cases. Additionally, the DBTP encompasses a data validation
module that checks all data uploaded by external DTSs for compliance with the
specified structure. Only fully compliant information will subsequently be added
to the DBTP.

The final goal of the DBTP is to provide data structures to store information
about the project intent and the project status to facilitate comparing the two
and identify deviations. These insights will finally be presented to the end user,
such as construction manager or other construction personnel, through the
BIM2TWIN dashboard.

Dashboard

Figure 5. 3D view of a pilot project
highlighting all building
elements with defects in
blue.

[ enerwinpsssbeod  wPisdstes 30 progression

The BIM2TWIN dashboard presents the information and knowledge acquired by
the DTSs to the end user. It is targeted at construction managers or other deci-
sion-makers involved in the construction project. The dashboard was designed
to present a complete overview of the current status of the construction site in
a condensed and easily understandable way. It should help decision-makers un-
derstand the main issues that require their attention in a short amount of time.

While the central dashboard gives a high-level overview of the construction
site, DTSs developed use case-specific dashboard extensions that provide de-
tailed insights into specific aspects. The central dashboard was implemented
as a read-only application, meaning that it only displays information stored in
the Thing'in database but does not allow to apply changes to the digital twin.
Different from the digital twins of the construction site, cyber-physical systems
use actuators to convey changes from the digital twin to the physical twin. These
are, however, largely automated systems with little human interaction [Akanmu,
Anumba, Ogunseiju; 2021]. On the contrary, construction sites still heavily rely
on human labor, which limits the degree of automation that can be achieved
considering the current state of the art.

Two main views are provided in the dashboard for every construction site sup-
ported by the DBTP. On the one hand, a 3D view gives an overview of the pro-
gress and quality aspects of the building. As an example, the visualization can
be filtered for only the components that have already been built. Additionally,
potential volumetric or surface defects can be closely inspected by selecting
specific building elements. Moreover, a time slider allows visualizing the progress
of the building at different points in time, conveying information about how the
site progressed over time. A screenshot of the 3D view of the central BIM2TWIN
dashboard is presented in Figure 5.

Al Delayed  Defects

Finished | Show safety

Propertivs

Select shererts by double choking on
the viewer
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On the other hand, the Key Performance Indicators (KPI) visualization provides
an overview of all available KPIs. They are presented in individual diagrams that

allow for filtering by time interval and, depending on the KPI, several other as-
Figure 6. KPI view of the central &by P g

BIM2TWIN dashboard pects. In Figure 6, on the left-hand side, the set of available KPIs is shown sorted
showing the cycle time by the categories execution, quality, and safety. At the same time, the diagram in
variability KPI. the middle provides insights into the currently selected cycle time variability KPI.
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Data The fundamental concept applied to data management of the DBTP is aggre-
gating the different types of information according to their end-user value. For
Management this, the pyramid approach by Ackoff [1989] (see Figure 7) forms the basis. All
M d I data is grouped into three layers: data, information, and knowledge. In the data
oduie layer, the raw data, such as sensor data, images from surveillance cameras, point

clouds, and complete IFC files or construction schedules, are stored in their na-
tive format. These are all raw files that have not been tampered with. The second
layer is the information layer. Here, the information is gained through statistical
and arithmetical analysis of the raw data. For example, the information layer
stores information about the planned start and end dates of construction pro-
cesses, the status of elements detected in a point cloud, or information about
surface defects detected during a quality inspection. Finally, the knowledge layer
contains information with high end-user value, gathered through aggregation
and evaluation of details from the information layer. In the context of BIM2TWIN,
knowledge is interpreted as KPIs and similar indicators that allow a broad over-
view of the construction site's status, e.g., in terms of cost, security, or quality of
executed processes.

Figure 7. Pyramid approach dividing
information into three
different layers based on

Ackoff [1989]

Information
Statistical or arithmetical evaluation of data

Data
Properties of objects, events and their environment
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The Thing'in property graph database stores the content of all three layers [Cou-
paye, Privat, Ottogalli, Raipin-Parvedy, Camus, Bolle; 2018]. Whenever possible,
the content is directly stored in the graph. However, data like point clouds or
geometric information unsuitable for the graph structure are stored in external
databases, which are referenced by the corresponding graph.

As already mentioned, the large number of parties involved in a construction
project make clear data structures fundamental to ensure that all data of the
digital twin can be efficiently stored and discovered. Existing data schemas are
used wherever possible to describe how the graphs for the data, information,
and knowledge layer need to be structured. For aspects specific to Digital Twin
Construction that were not covered in existing schemas, a new schema, the
so-called Digital Twin Construction Ontology [Schlenger, Borrmann, Yeung,
Martinez, Sacks, Bus; 2023], was developed. It is a process-oriented schema
that differentiates between project intent and project status to facilitate direct
comparison.

Specific modules were developed to ensure that all involved parties correctly
applied the selected schemas. First, the DBTP contains an Ontology Lookup
Service that allows exploring all registered schemas. This serves as human-read-
able documentation but is also the basis for the data validation module. All
data added to the DBTP must pass through the validation module. Based on
the registered data schemas, the added data is checked for compliance. Only
fully compliant data will be added to the DBTP. In this way, full interoperability
between the DBTP and all external services is ensured.

Project Intent
Converters

The project intent converters take project intent information from the construc-
tion company as input and translate the contained information into the graph
representation used within the DBTP. This step is the starting point for every
digital twin project since the project intent is the reference point for assessing
the project’s success. For converting the building design, a file in IFC format is
required as input. This is an internationally established standard for the exchange
of building models [buildingSMART; 2024]. Due to this formally defined stand-
ard, the information about the building topology and geometric details of build-
ing elements can be translated into the corresponding graph representation fully
automatically. Since no established standard exists for exchanging schedules and
resource assignments, the converter uses Excel files as input. However, manual
adjustments must be made to the conversion process since the planning soft-
ware and methodology used can vary significantly depending on the construc-
tion company and project.

Platform
Interface
(RestAPI)

The main access point of the DBTP for external services is the Restful Appli-
cation Programming Interface (API). It is directly integrated into the Thing'in
platform and provides a wide range of functionalities. It mainly allows querying,
updating, and deleting information of the digital twin. Moreover, it can be used
to configure the initial setup of the platform, like the validation rules, user access
rights, and other configuration aspects.

Model Checking

During the execution of the BIM2TWIN demonstration pilot sites, it was iden-
tified that the quality of Project Intent Information (PIl) provided by the con-
struction companies could differ significantly. Depending on the use cases to
be implemented, certain errors and inaccuracies need to be corrected, while
others might not influence the final results. Specifically tailored to the use cas-
es implemented in BIM2TWIN, model-checking and healing were implemented.
The following model-checking operations were conducted to inspect IFC files
before their injection into the DBTP:

- Semantic consistency: all elements must belong to their designated IFC class,
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Figure 8. Overlapping building
elements identified in the
IFC file of a pilot site (areas
of overlap colored in red).

e.g. foundation elements could be classified as IfcSlab, but they should be
managed as IfcFooting.

- Clash detection: geometries of elements must not overlap (see Figure 8).

- Element modelling checking: verification of correctly modelled elements in
the model, following typical BIM practices for architectural and structural
modelling.

- Building storey modelling checking: elements must be modelled on the corre-
sponding storey; for example, a wall starting from the ground should only be
associated with the ground floor level.

- Property checking: some elements must have specific properties describing
their functional characteristics, e.g., structural elements must have the “Load-
Bearing” property.

This checking phase includes the removal of unnecessary components from IFC
files, such as electrical elements, piping, and architectural details, to reduce file
size, and consequently, the size of the Thing’in graph, thereby enhancing man-
ageability. Additionally, construction companies provide federated BIM models
that contain a set of domain-specific IFC files. For injection into the Thing’In
database, these need to be merged into a single IFC file.

Executing these operations involved automatic and extensive manual effort and
communication with the companies. Initial issue identification utilized typical
Quality Assurance/Quality Control (QA/QC) BIM software, e.g., BIMCollab and
Solibri, producing BIM Collaboration Format (BCF) issues, shared with all the
stakeholders. Indeed, changes to the shape and position of elements must be
managed using native authoring software, as these corrections were not directly
applicable to IFC files. For semantics and file merging, IFC-based authoring soft-
ware applications like SimpleBIM and usBIM were used.
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2. Progress Monitoring Service

Monitoring work in progress on construction sites is critical for project manage-
ment, impacting various aspects such as time, cost, quality, and safety. This task
is particularly challenging due to the complexity and interdependency of activi-
ties [Arif, Khan; 2021]. Conventional progress monitoring methods rely on visual
inspections and periodic reports, often resulting in slow and subjective assess-
ments [Golparvar-Fard, Pefia-Mora, Savarese; 2009]. While effective monitoring
is essential for project success, traditional approaches may only be adequate if
the project design or assumptions are flawed. Building Information Modelling
(BIM), which digitally represents buildings and captures 3D geometry and se-
mantic component descriptions, is a foundational tool for monitoring automated
construction progress [Kim, Kim, Lee; 2020 and Machado, Vilela; 2020]. Recog-
nized as a rich data source, BIM facilitates access to geometric data, visualizes
schedules, and manages progress-related information, thus playing a pivotal role
in automated project progress monitoring [Kim, Kim, Lee; 2020]. A well-designed
BIM model facilitates operations analysis, aids site management, enhances com-
munication, coordinates contractors, and optimizes logistics [Kopsida, Brilakis;
2020]. However, due to their static nature, conventional BIM and construction
schedules may not adequately capture real-time as-built and as-performed states
during construction [Kopsida, Brilakis; 2020].

Here, we focus on the above issues from the point of view of an automated
approach for monitoring medium to large-scale construction sites using Digital
Twin (DT) technology. The progress monitoring application interfaces with the
DT database in the presented framework, enabling authorized users like project
managers to access Gantt chart-style progress statuses at the activity level. Each
activity corresponds to a group of tasks tied to specific elements on the con-
struction site, providing a detailed overview of progress at the granular level. The
Digital Building Twin Platform (DBTP) graph database stores details related to the
construction site in three abstractions: data, information, and knowledge; please
refer to Chapter 1 for more details on the DBTP.

Method and Components

Data to
Information

The platform receives both as-designed and as-planned data. Regular site in-
spections are then undertaken to document the current as-built status of el-
ements. These inspections encompass two main types: laser-based 3D scans
and image-based captures. Laser scans, although less frequent due to cost and
potential hazards to workers, offer sub-centimetre accuracy and provide spa-
tial information. Conversely, image captures excel in surface detail and texture
representation. Each data source provides distinct advantages over the other,
contributing valuable insights to the overall assessment process.

The data collected are used by specific software according to their type to de-
tect as-built information.
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Turning raw 3D
point clouds
into as-built
elements

Figure 9. Detected columns in the
Spanish pilot site point cloud.

Scan-to-BIM technology offers a holistic assessment of as-built conditions, facili-
tating performance enhancement within construction projects [Bosché, Ahmed,
Turkan, Haas, Haas; 2015]. Integrating laser scanning with advanced wireless
sensors presents opportunities for comprehensive project exploration, bolster-
ing progress monitoring by fusing as-planned models with reality-captured data.
Managing vast and intricate datasets for real-time progress monitoring necessi-
tates an intelligent system capable of continuous learning from diverse sources.
Two potential object detection solutions have been proposed to calculate the
as-built element. The first method is based on detecting and segmenting the as-
built point cluster from the as-built Point Cloud Data (PCD) with the help of an
as-designed model [Hu, Brilakis; 2024]. The second method exploits planar pol-
ygons — a versatile data abstraction often used to design building elements such
as walls, columns, and slabs. A pivotal step in accelerating the detection task
involves achieving global registration between the BIM model and PCD. Once
registered, the Region-Of-Interest (ROI) can be confined to the upscaled bound-
ing box of the query as-designed element, provided that the BIM model and PCD
share the same coordinate system. Then, we use our object detection method to
detect and cluster planar polygons in each dataset. We create a matching step
to compare planar polygons within associated clusters. This comparison not only
filters out noisy data but also identifies local discrepancies in position, ultimately
eliminating false detections.

Detected
columns

Turning raw
images into
as-built elements

Figure 10. Example of columns
construction state detection
made on the project.

Typically, in the context of image-based, construction site monitoring is carried
out with fixed cameras installed, for example, on cranes [Yang, Vela, Teizer, Shi;
2014 and Jiyao, Qilin, Bin, Binghan; 2023]. However, here we focus on infor-
mation from images captured by construction workers, with mobile phones at
the end of their workday, with the aim of creating a simple and low-cost tool.
Given the widespread use of smartphones, interacting with the system to enter
information is simple and thus seeks to integrate construction workers into the
progress monitoring process.
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Figure 11. Computer vision result
projection (left), virtual camera
projection (center), and the
result of the 2D matching
(right): in blue colour, columns
that are in one projection but
not in another and in light-
grey colour, columns that are

matching in both reprojections.

The image analysis process uses an Artificial Intelligence (Al) model developed
based on the YOLO v8 (You Only Look Once) neural network architecture. Ad-
ditionally, most methods focus on detecting the presence of objects in images
(i.e., 0% or 100% progress), while the discussed approach, herein, can detect
between statuses of an element within an activity (columns with rebars, with
formwork, already finished: concrete detected). This enables a more granular
progress control and, therefore, more efficient planning of quality check activi-
ties. After analysing the photograph, to identify the captured columns, a virtual
camera is configured in the environment of the 3D BIM model to recreate the
original image taken at the construction site. Positioned in the virtual environ-
ment with the EXIF data of the captured image, a pairing of 2D projections is
executed to adjust the precision of the camera location and determine the pro-
gress of the columns detected in the image.

1] 1 I|||I || I]rl 1] o

Communication
with DBTP

To enhance communication between the DBTP and its services, such as progress
monitoring, the DBTP offers Rest Application Programming Interfaces (APls).
By harnessing these APIls, our Python and JavaScript libraries enable users to
retrieve, create, and update nodes within the DBTP. The as-built status of each
element undergoes continuous updates within the DBTP through specific object
detection processes, utilizing captured laser scans and images. Upon detection,
as-built nodes are generated in the graph, annotated with construction stag-
es, and linked with corresponding as-designed nodes. While laser-based object
detection algorithms may struggle to differentiate construction stages, image
detectors excel in this aspect. With as-designed, as-planned, and as-built nodes
in the graph, the subsequent step involves creating as-performed nodes using
this information.

Progress
Monitoring

This software module extracts crucial data from the DBTP, including as-planned
and as-built dates, facilitating a thorough comparative analysis at the activity level
to provide a holistic view of the site’s progress. Visual representation is achieved
through a Gantt chart, enhancing comprehension. Activity-level progress is clas-
sified into three statuses: on schedule, ahead of schedule, and behind schedule,
with the extent of delay determined by the maximum delayed task in cases of
falling behind. To deepen insight, the module computes the percentage of com-
pleted tasks and identifies delay duration, leveraging this information to estimate
a revised end date using a projection function. Drawing on an S-shaped function,
this projection method closely mirrors construction activity progression [San
Cristébal; 2017], bolstering accuracy and predictive capabilities.

Limitation

Progress monitoring can exhibit bias depending on the data quality, as it relies
heavily on the accuracy of algorithms that transform raw data into as-built nodes.
While terrestrial laser scanners offer high precision, they are expensive and slow
in data capture. Therefore, their use limits the frequency of scanning, which in
turn impacts progress monitoring. Mobile scanners, such as PointPix [Trzeciak,
Pluta, Fathy, Alcalde, Chee, Bromley, Brilakis, Alliez; 2023], provide flexibility and
speed, allowing rapid data collection over extensive areas, yet they often sacri-
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fice detail, especially in complex environments. This disparity between mobile
and terrestrial scanners underscores a critical gap in construction inspection.
While terrestrial scanners can capture intricate details, they lack mobility and
efficiency. Bridging this gap necessitates advancements in technology and meth-
odology, aiming to merge the agility of mobile scanners with the precision of
terrestrial ones for comprehensive inspection processes.

Regarding images acquired from smartphones, it was known that the georefer-
encing obtained would not be precise. Moreover, the algorithms developed to
correct the position have not given reliable results either. Other challenges per-
sist in localizing images within construction sites, particularly in GPS-denied ar-
eas, hindering the accurate alignment of as-built data with its as-designed coun-
terpart. Efforts are ongoing to enhance this accuracy in pinning as-built data to
its corresponding as-designed elements.

Information to Knowledge

Key Performance
Indicators

The information nodes play a crucial role in elevating the analysis to a high-
er level of abstraction, allowing for a comprehensive assessment of overall site
performance through Key Performance Indicators (KPIs). Two predetermined
KPIs are systematically computed: KPI1PM, which measures the percentage of
delayed tasks per activity, and KPI2PM, which assesses the percentage of delay
in days per activity. KPIIPM quantifies the prevalence of task delays within indi-
vidual activities by dividing the number of delayed tasks by the total scheduled
tasks for each activity. This ratio provides nuanced insights into task-level perfor-
mance, aiding in understanding project progression. Concurrently, KPI2PM cal-
culates the ratio between the number of delayed days and the planned duration
(as-planned days) for each activity, offering a comprehensive view of temporal
performance. This metric elucidates the extent of delays compared to the initial
project timeline, facilitating informed decision-making regarding project man-
agement strategies.

In addition, if progress is detected during the images or point cloud processing,
an email is sent to the Quality Managers. The objective is to quickly inform the
manager about the newly detected elements and allow them to see the results
online. This information helps schedule an earlier site visit to validate identified
progress and initiate the next task more quickly.

User interface

For laser scans, the progress monitoring application is tightly integrated with
quality control presented in distinct tabs as depicted in Figure 12. The progress
monitoring interface boasts simplicity and user-friendliness, featuring just one
button alongside a Gantt chart below to facilitate interpretation for construction
managers. Gantt charts were selected for their widespread use in construction
scheduling, ensuring familiarity and effectiveness as visualization tools for man-
agers. Each activity is represented graphically by two horizontal bars: one repre-
senting the as-planned schedule and the other the as-performed schedule. The
as-planned schedule is depicted by a grey bar, while the as-performed schedule
is shown with a coloured bar. In the chart, a dark red bar indicates that the activ-
ity is complete but delayed, while a dark green bar denotes that the activity is not
complete but on schedule. Light red signifies that the activity is behind schedule
and not yet initiated, whereas light green indicates that the activity is on sched-
ule and pending commencement. Text overlaid on the grey bar corresponds to
the activity name assigned by the construction company, while text overlaid on
the coloured bar provides progress status, days ahead or behind schedule, and
projected completion time.
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Figure 12. Gantt chart interface for
tasks progress results (left)
and web platform interface
of image-based progress
monitoring (right).

== wEm

In the case of the image-based progress monitoring web platform, an intuitive
interface allows Quality Managers to review the column progress detection re-
sults, which have been carried out automatically after the images are uploaded
by on-site workers. Through this user interface, managers can view detection
results graphically, in both 2D images and 3D geometry within the virtual BIM
model. The primary goal of the platform is to empower Quality Managers to in-
terpret progress results accurately and validate work progress against real-world
conditions.

Big Picture

Figure 13. Processing Pipeline with the
DBTP in the middle.

The digital twin platform assumes a pivotal role within our framework, as depicted
in Figure 13. It swiftly transforms data into valuable information, consolidating it
on the platform from the earliest stages of planning and design. We maintain ac-
cess to timely information through seamless integration with the platform across
all processing stages, ensuring responsiveness to changes such as site schedule
updates. This dynamic, two-way exchange extends beyond progress monitoring
components; other services leverage data, including as-built elements, for tasks
outside our primary focus. These may involve generating alternative plans or
providing visualization in the Dashboard. In contrast to our approach, where
data updates are promptly synchronized with the cloud server after each survey,
the conventional method integrates components as needed. This means that
data updates occur immediately on local software and intermittently on the cen-
tral server. While this traditional approach reduces queries to the central server,
which is advantageous in on-site environments with unreliable internet connec-
tions, it can lead to data discrepancies and require excessive queries for creating
and managing a local database copy. Additionally, such practices can introduce
security vulnerabilities. Our approach, tailored for off-site use, ensures that raw
data is swiftly uploaded to the cloud server after each survey. Authorized office
users can access these site updates within minutes, significantly enhancing the
security of the entire system.

=

g Input & Initial Processing Preduction Planning
R - .

o | Progress monitaring and quality ! 1 Resutts aroroporied | | Managers and stokeholders P &

g | control of compieted siamarts i Hwoogh ) ! pil Farams

5 1 O derviations and def 11 ) e il i —

o | ms-planned scheduls and talerances. | 1| plarming sofware

& i

Aicbuit detect

Dashboard

Postprocessor

e Nrwin Bl £V funded project GA no. 958398 22




3. Quality Control Service

Quality control on construction sites currently involves many time-consuming
tasks, like repetitive tasks, including onsite inspection, data collection, analy-
sis for defects, communication for issue resolution, and execution [Akinci,
Boukamp, Gordon, Huber, Lyons, Park; 2006 and Dong, Maher, Kim, Gu, Wang;
2009]. Finding and fixing mistakes early is significant because fixing them later
can waste around 6 to 12% of the construction costs [Patterson, Ledbetter; 1989
and Josephson, P-E., Hammarlund; 1999]. Even though there’s been a lot of
research on automatic ways to find construction defects, the current methods
still have limitations to standalone software, prohibiting collaboration and broad
adoption. It's crucial to have a consistent and accurate quality inspection process
in place to ensure buildings meet quality standards from start to finish. Con-
struction managers or experts currently handle quality control during building
construction, but it's a slow process that demands specialized skills. That'’s why
there's a push to develop automated systems that can quickly spot and measure
defects, saving time and making decisions easier when issues arise. Here, we
focus on developing a tightly integrated system with a Digital Building Twin Plat-
form (DBTP) for quality control. The DBTP graph database stores details related
to the construction site in three abstractions: data, information, and knowledge.

Data to
Information

Over the past decade, significant interest has been devoted to utilizing non-con-
tact sensing devices to evaluate construction project quality. Notably, 2D camer-
as, 3D cameras, and laser scanners have emerged as critical tools in this domain.
RGB cameras offer a cost-effective option for capturing high-quality surface
defect data but are sensitive to environmental factors like noise and lighting
variations [Paneru, Jeelani; 2021]. Moreover, they lack inherent 3D capture capa-
bilities crucial for dimensional quality inspection. 3D cameras provide a more af-
fordable solution capable of capturing 2D and 3D surface information, although
they are less precise than laser scanners [Wang, Law, Garcia, Yang, Kong; 2021].
On the other hand, laser scanners produce detailed 3D point cloud representa-
tions of an object’s external surfaces or overall 3D geometry, facilitating accurate
dimensional assessments using a 3D coordinate system with geometric or geo-
detic coordinates [Tang, Wang, Wang, Guo, Zhang; 2022].

The 3D point clouds and 2D images collected are used by specific software ac-
cording to their type to detect quality control information.

Turning raw 3D
point clouds into
quality control
information

We aim to assess the dimensional quality of structural members using 3D point
cloud data obtained from laser scanners, which capture various spatial attributes
of buildings such as length, width, height, diameter, circumference, and flatness.
Recent research has produced diverse methods for evaluating the geometric
quality of construction elements. For instance, [Mirzaei, Arashpour; 2020] pro-
posed an end-to-end segmentation method based on point cloud data for quality
assessment, and [Nuikka, P. R. ; 2008 and Bosché, E. G.; 2014] examined surface
flatness. Similarly, [YiTan; 2020] presented a system for automatic geometric
quality inspection using BIM and LiDAR.

Our study presents quality assessment systems that are tightly integrated with
DBTP. It compares as-built elements with their designed counterparts to en-
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Figure 14. lllustration of the vertical
deviation and the thickness
deviation.

Figure 15. Deviation of the wall’s
thickness.

sure compliance with construction standards stored in the DBTP ontology. We
primarily focus on norm deviations in constructed columns, slabs, and walls.
Deviations beyond predefined tolerances are classified as defects. We analyse
length and vertical discrepancies for columns while we evaluate the thickness
and vertical deviations for walls and slabs. Figure 14 depicts these variations.

thickness vertical
Lolerance tolerance
- _— -
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T {

The quality control assessment software retrieves laser scans and corresponding
as-designed data from the DBTP. We use a specific object detection algorithm
brief to detect elements in the laser scans. As the walls and slabs have similar
geometry, we use identical methods to compute their deviations. Initially, the
surface of the as-built element should be extracted using the RANSAC (RANdom
Sample Consensus) algorithm by randomly selecting a group of points and fitting
a surface model to these points while tallying the number of points (inliers) that
conform to the surface within a given error threshold. The thickness of the wall
or slab is the distance between two large surfaces of target elements, i.e., the
average sum of all the points on one surface to another. The thickness deviations
are then calculated by comparing the thickness of the as-designed and as-built
elements. The angle between the surface normal of the as-built element surfaces
is used to calculate the tilt deviation of the wall or slab.

The column length is calculated as the distance between the most minor surfac-
es of the element. Figure 15 shows the detected thickness deviation of a wall. The
green area is the as-designed data. In (b), two orange lines denote the detected
surfaces of the Point Cloud Data (PCD). As can be seen, there is a significant
thickness deviation between the as-built and as-designed data, therefore, there

is a defect.

(a) (b)

Turning
images into
quality control
information
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Attention has predominantly been paid to concrete surface defects in surface
quality control, and in automating the defects identification process. A notable
advancement beyond existing commercial tools is the capability of the tool de-
veloped in this project to measure defect characteristic dimensions crucial for
precise qualification. Authors of [Chow, Su, Wu, Li, Tan, Liu, Mao, Wang; 2020]
introduced a method employing deep learning classifiers to classify defects.
Meanwhile, [Zoubir, Rguig, El Aroussi, Chehri, Jeon; 2022] utilised deep learn-
ing and transfer learning techniques to identify discrepancies in bridges. Early
defect detection is emphasized for ensuring infrastructure health, as discussed
by [Wang, Su; 2022], who achieved promising results using a hybrid network
combining a convolutional neural network, transformer, and MLP (Multi-Layer
Perceptron). In [Chow, Liu, Tan, Su, Wu., Li, Wang; 2021], an automatic defect
inspection method employing a 360° camera and LiDAR was introduced, where
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Figure 16. Concrete defects
considered for the
developments of the
surface quality control
tool: crack (top left),
honeycombing (top right),
exposed bars (bottom left),
and pitting (bottom right).

defect evaluation was integrated into BIM by aligning pictures and depth data. In
[Wang, Su, Fu; 2022], authors proposed a methodology utilizing a deep learning
one-stage object detection neural network to detect irregularities in concrete
surfaces. In the work presented here, we developed software that includes ar-
tificial intelligence (Al) models and computer vision techniques to classify and
measure concrete defects from images. We aimed to identify four types of sur-
face concrete defects: fissures, honeycombing, exposed bars, and pitting (Figure
16). The input images were captured with RGB or monochromatic cameras.

An Al-based model has been adopted to identify and classify surface defects,
and vision-based algorithms measure defects characteristic dimensions. The de-
fect measurements are converted from pixels to a real-world unit (millimetres)
using the depth value (distance from the surface to the device) obtained from a
depth camera.

The developed surface quality control method identifies and classifies the
above-mentioned surface defects. The software can capture and analyse data
in real time and integrates analysis results with essential information in the
BIM2TWIN platform. The images were analysed by the software when a defect
was identified to define the criticality level by measuring the specific features of
the defect, depending on its type.

Infrared (IR) and Hyperspectral (HS) cameras represent the potential add-on of
the monitoring toolkit. The IR camera is a valuable sensor for detecting non-vis-
ible sub-superficial defects. The HS camera can be exploited to filter noise and
increase the contrast in images to improve the visibility of defects. Hyperspectral
Imaging (HSI) can be an essential resource in discriminating different types of
concrete contaminants and in evidence efflorescence. The analysed data were
then uploaded into the DBTP, allowing site managers to visualize the images and
the related data, accelerating the decision-making process, the data-flow is de-
picted in Figure 17. Our approach not only accelerates the quality control phase
but also improves the overall efficiency of the construction process. The aim is
to ensure that every construction phase is monitored, analysed, and optimized
to achieve the best possible results.
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Figure 17. Data flow: from information
collection to integration.

& B9 a

Data acquisition Data processing

Data processing | Pictures of defects
gsesesins | ol | | Mo | megonn
with completed

Quality Control Tool

| &

< o] g = L ]

Progress Monitoring tool | concrete surfaces

Limitations

Quality control utilizing 3D point cloud data can be influenced by bias, heavily
relying on the accuracy of algorithms that convert raw data into as-built nodes.
Point cloud data frequently comprises noise, errors, and inaccuracies stemming
from various factors such as sensor limitations, environmental conditions, and
occlusions. Filtering out this noise and ensuring data accuracy is imperative to
facilitate reliable quality control assessments. The data acquisition process for
quality control adheres to strict protocols that must be followed meticulously to
obtain high-quality data suitable for the intended task. Implementing advanced
filtering techniques and calibration procedures is essential to mitigate noise and
enhance the accuracy of point cloud-based inspections.

Moreover, our quality control software is limited to supporting only common
shapes like cuboids, making it ineffective for assessing complex structures such
as stairs. By integrating technologies like machine learning, algorithms can evolve
to encompass a broader range of structural categories, improving their appli-
cability in real-world construction projects for comprehensive quality control.
Additionally, point cloud data generated by laser scanners can be highly dense
and intricate, presenting challenges in processing, storage, and analysis. Effec-
tively managing large volumes of point cloud data requires robust computational
resources and efficient algorithms to accurately and promptly extract relevant
information.

Challenges encountered in the development phase of quality control with im-
ages primarily revolved around the scarcity of data for training neural networks
and pattern classification for automatic defect recognition. While public datasets
were available in the literature, they often comprised low-resolution images and
lacked labelling for all previously defined defects. To address this, internal data
was collected to create models for concrete defect classification and measure-
ment, resulting in a notable improvement over the existing method. Another
challenge involved analysing hyperspectral images, which successfully identified
efflorescence and enhanced defect image contrast by filtering it out. However,
attempts to characterize samples degraded by contaminants according to Eu-
ropean Union standards using hyperspectral images yielded unsatisfactory re-
sults. The primary issue with hyperspectral cameras lies in the noise generated
by sensor temperature instability and ambient light influence, posing significant
challenges for outdoor applications of this technology.
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Information to Knowledge

Key Performance
Indicators

Translating information regarding built quality into a higher-level abstraction con-
stitutes a pivotal aspect of the management loop. For top-level site managers,
specific defect details may hold little interest; instead, they prioritize quantified
defect information, such as at the workplace or workers’ team level. We focus on
two key performance indicators (KPIs) to provide such insights. Two predefined
KPls are systematically calculated: KPINQC, which assesses the percentage of
tasks affected by defects per activity within a specified time frame, and KPI2QC,
which evaluates the percentage of defect-free activities within a given time
frame. KPI1QC aids in identifying the types of activities contributing to defects,
facilitating decisions on potential construction method adjustments. Conversely,
KPI2QC gives managers insights into the percentage of defect-free activities,
enabling them to monitor overall construction performance and quality.

User Interface

Figure 18. The main window of our
DTPStudio showing a
detected wall (red points)
overlapped with the as-
designed representation
and its quality results
(bottom part of the
interface).

The quality control systems for laser scans and images feature distinct user inter-
faces. For laser scans, the quality control application is closely linked to progress
monitoring which is segregated into tabs, as illustrated in Figure 18. This applica-
tion seamlessly integrates with the DBTP for data retrieval and transmission. Its
interface comprises three main sections: the top-left displays all elements with
their names; the top-right offers a 3D visualization of both as-built and as-de-
signed elements, and the bottom section presents the calculated quality control
values for the selected element.

For surface quality control, a graphical user interface (GUI) has been created
that enables the control of vision systems, post-processing of images and re-
al-time display of any identified defect along with the measurement of its char-
acteristic features.
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Figure 19. Visualization of detected
defects.

Figure 20. Global overview of the
integration of surface
defects into the BIM2TWIN
platform and consequently
Dashboard.
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The GUI is compatible with Windows based tablets equipped with connected
camera, guaranteeing the portability of the system. Users can either capture
live images or upload existing ones. The images are analysed by the Al-based
algorithms, and the result of the analysis is displayed. Finally, users have the
option to transmit this information to the DBTP and visualize the images and the
information of the detected defects on the BIM2TWIN dashboard (Figure 20).
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As discussed at the beginning of this chapter, the DBTP plays a central role by
facilitating access and storage of information and knowledge. It is also critical in
transforming raw data, including 3D point clouds and images, into valuable infor-
mation and knowledge. The DBTP-based processing pipeline for quality control
inspections enables algorithms to access information regarding quality standards
and as-built elements. Through tight integration, as previously discussed, we
ensure the utilization of up-to-date quality standards to determine the severity
level of detected defects. This integration also facilitates rapidly disseminating
knowledge and information concerning quality issues to other services, such
as production planning, connected to the DBTP. The timely provision of defect
information is vital in the construction pipeline as it can mitigate construction
costs by enabling early detection of issues.
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4. Occupational Health
and Safety Service

In construction, job hazard analysis (JHA) is still a labour-intensive, error-prone,
and thus time-consuming process [Teizer, Melzner; 2018]. A safety engineer anal-
yses the hazardous components of tasks involved in an activity to determine the
priority order of mitigation that needs to be implemented to make workplaces
safe. Safety engineers are typically trained in workspace planning and Health,
Safety, and Environment (HSE), and they evaluate the category of each incident
risk by assessing the incident’s probability of occurrence and its expected out-
come (the level of injury) [Zhang, F. Boukamp, J. Teizer; 2015].

Those two measures rank the potential risk from the most negligible to the most
severe outcome. According to Chao and Henshaw [2002], the process of job
site safety analysis is divided into three tasks: (a) loss-of-control identification
associated with the job or activity, (b) assessment of the level of risk for the
identified incidents, and (c) action controlling the risk to reduce or eliminate
it. However, even with the emergence of BIM methods, the current strategy
and investment in construction safety planning, monitoring, and controlling fol-
low manual, time-consuming, and error-prone processes [Li, Schultz, Melzner,
Golovina, Teizer; 2020].

We focused on the occupational health and safety of construction workers
through a system of prevention through design in construction operation plan-
ning, proactive real-time risk detection and warning on construction sites, and
rapid, personalized feedback in learning and decision-making. There are, as
described, many potential safety risks on site, and we, therefore, focused on
solutions for more than 50% of the fatalities in construction: a) workers falling
from heights and b) struck by and/or caught in between equipment or loads. To
mitigate these two risks, we enhanced the BIM2TWIN platform with (1) intelligent
computational rule-checking algorithms for safe workspace planning, (2) auto-
mated remote sensing and analysis for proactive risk detection and prevention,
and (3) Reporting and visualization for enhanced hazard awareness for improved
safety behaviour.

Methods Two main approaches exist to capture domain intelligence and knowledge in
computers, also referred to as artificial intelligence (Al). The first can is often
referred to as a data-driven approach, which, based on the input data, finds
undying patterns automatically (i.e., unsupervised learning) or based on the
data and human knowledge captured as labels find the underlying patterns (i.e.,
supervised learning). Both supervised and unsupervised learning require large
amounts of data representing the individual scenarios. For hazard identification,
this kind of data is not easy to acquire as this would need the hazardous situa-
tions to exist until data has been collected, which is not feasible.

The alternative to data-driven approaches is knowledge-driven ones, requiring
less data but additional knowledge engineering. Knowledge-driven approaches
do not automatically identify the underlying patterns but only represent the in-
telligence provided in the knowledge base. However, this knowledge base can
be created by interacting with domain experts, investigating construction safety
regulations, and applying common sense logic. This way, it is possible to de-
scribe the nature of hazardous scenarios with rule-based logic and use that for
identification in the data. The presented results are based on knowledge-driven
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Figure 21. Overview of the Digital
Twin enabled construction
safety [Teizer, Johansen, C.
Schultz; 2022].

approaches due to the described complexity of collecting data that represent
hazards in construction. The knowledge representation and analysis are based
on spatial artifacts. Spatial artifacts [Bhatt, Dylla, Hois; 2009 and Bhatt, Schultz,
Huang; 2012] can be used for this purpose as they represent empty-space re-
gions that emerge and change based on the existence of BIM elements or situ-
ations in the 3D space.

The diagram shown in Figure 21 illustrates how safety can be considered in a
digital twin setting. The safety service component is an independent digital com-
ponent, which interacts with the surroundings. The system consists of the Digital
twin service for production planning, the Digital twin service for Construction,
and the direct interfaces to the building itself. The construction safety compo-
nent comprises three sub-components, which are called Prevention through De-
sign and Planning (PtD/P), conformance checking (CC), and Right-time Analysis
and Mitigation (RAM). Those components and their concern are described in
the following.
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Prevention
through design
and planning
(PtD/P)

The left side of Figure 22 illustrates how the Alternative Plans (APs) are generat-
ed based on the decision-makers’ preferences and the current baseline model.
The APs are handed to the PtD/P module of the Digital Twin for Construction
Safety (DTCS) - right side of Figure 22, in green colour - and enhanced with
safety measures (e.g., guardrails to separate pedestrian workers’ pathways from
heavy construction equipment traffic and schedule changes) based on the safety
regulations that apply to the specific construction site (note: this may vary local-
ly). This can, as mentioned, result in more than one Safe Alternative Plan (SAP)
for each AP. The system analyses the hazard spaces identified in the design and
hazard spaces identified in the process (e.g., work crews working simultaneously
on different stories, creating hazard zones in terms of being struck by an object
from above). The SAPs are returned to the Digital Twin for Construction Plan-
ning (DTPP) for decision-maker selection, consequently updating the baseline
plan from which the construction site is built [Johansen, Schultz, Teizer; 2022
and Johansen, Schultz, Teizer; 2023]
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Figure 22. Prevention through Design
and Planning module

[Teizer, Johansen, C.
Schultz; 2022].
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Figure 23. Conformance checking
module [Teizer, Johansen,

C. Schultz; 2022].

The conformance checking should find and classify discrepancies between the
plan (created in PtD/P-module) and reality (captured by sensors) - Figure 23. For
example, an incorrectly installed or removed guardrail would result in a relatively
high severity. This information is stored, and when the HSE expert has visited the
problem, they can provide new information on the correctness of the output (in
terms of both incident classification and its severity). This information provided
by the HSE expert should be used to improve the classification of future occur-
rences and to update the best practices. An example of an updated best practice
could be using a safety net in some situations to avoid the repeated removal of,
e.g., a guardrail [Johansen, Figueiredo, Golovina, Teizer; 2021].
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Based on the reality of the construction site, the raw safety monitoring data,
historical knowledge, and safety regulation module perform complex event pro-
cessing and classification, from which the workers are alerted to prevent both
accidents (i.e., fatalities, serious injury, and minor injury) and incidents (i.e.,
close calls and unsafe acts) - Figure 24. The module subsequently performs an
accident investigation, where the root cause of the incident or accident can be
determined and prevented in the future. Also, in this module, the feedback to
and from the decision-makers is stored and used in classification- and investi-
gation mechanisms. The safety rules are also included in this diagram. These
are updated and used in the PtDP module (i.e., the first module of the DTCS),
conceptually closing one of the loops of the DTCS [ Johansen, C. Schultz, J.
Teizer; 2023].
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Figure 24. Right-time analysis and
mitigation module.
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Figure 25. Spatial artifacts from the
PtDP module.

Figure 26. Fall protection equipment
injected into the BIM model
from the PtDP module.

Figure 25 visualizes the spatial artifacts that were identified in the PtDP analysis.
The artifacts comprise three different kinds of regions: Movement space, i.e.,
regions where workers can move around, such as slabs. Those are coloured
green, visible at the bottom. The second kind is Fall spaces, which represent
regions where items or humans will drop more than the regulation allows. Those
are visualized in yellow. The third kind is Fall hazard spaces, which represent the
regions where workers are exposed to fall from height hazards, which are iden-
tified as the intersection between the Fall space and the Movement space, i.e.,
where workers that move around on the construction site can access a region
where they would fall more than the regulation allows.

The fall spaces are not immediately visible from the view in Figure 25, as they
are inside the fall space. However, they become very apparent when they are
exchanged for fall protection equipment, and the analysis spaces are hidden, as
shown in Figure 26. This way, the fall protection equipment needed to comply
with the fall from height regulation is identified and injected directly into the BIM
model. The digitalization of fall protection equipment facilitates site-wide plan-
ning and knowledge about where protection equipment is needed, which pro-
motes a collaborative effort to make sure they are installed as planned. Besides
allowing everybody on the construction site to obtain this information, it can also
be used in automated conformance-checking approaches to instruct where the
Unmanned Aerial Vehicle (UAV) or Unmanned Ground Vehicle (UGV) must go
to collect meaningful data and, in the following analysis. The information can, for
example, be used to set the boundaries of the search space, which drastically
decreases the complexity.
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Figure 27. Data fusion of RGBD and
RTK GNNS location for the
RAM module.

Figure 28. Worker feedback interface
for insight and improved
behavior.

While the safety analysis primarily relies on knowledge-driven approaches, it also
benefits from information that is extracted in data-driven approaches. Figure 27
visualizes the data fusion of RTK-GNSS location data and location data provided
by one of the project partners, which is extracted from RGBD (red, green, blue,
depth) in a data-driven approach. Both inputs are considered in the Right-time
Analysis and Mitigation (RAM) module called “ProActiveSafety”, which extracts
safety incidents that represent scenarios where workers were present under a
crane load, a competing work crew, or in close vicinity of a moving vehicle, also
referred to as struck-by hazards.

Figure 28 shows the worker interface, which can be accessed by the workers
to get an overview of the trajectories for a day, but also how well they did in
terms of staying out of hazardous situations. It graphically represents how many
times they went into safety incidents that could have been prevented if they
had selected a different route or looked up to avoid the crane load. Besides giv-
ing feedback to the workers and improving their safety behaviour, the interface
could also provide an overview of the site’s performance. Privacy is essential, so a
site-level incident count and heat map should be presented anonymously. How-
ever, such presentation of the site performance could identify overall issues and
tendencies that could potentially be resolved through changes to the site layout
(e.g., adding moving pedestrian crossings, redirecting heavy machinery, moving
material storage, relocating material delivery, or creating zones that the crane is
not allowed without approval.
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5. Equipment Optimization Service

Figure 29. Equipment such as
machines are used for
various processes.

The efficient control and management of construction equipment on construc-
tion sites is essential [Navon; 2005], as requirements differ from project to pro-
ject and require flexible adaptation of equipment utilisation. The combination
of machine utilisation and manual work leads to diverse and complex challenges
on construction sites [Sundquist, Gadde, Hulthén; 2018]. Furthermore, there
is the need to be able to react to unforeseen situations, such as delivery delays
or technical failures, which have an impact on the construction process. These
factors make the continuous monitoring of the position and status of equipment
essential and form the basis for optimising the use of equipment, such as con-
struction machines, increasing safety and reducing costs by reducing idle times.

A wide range of specialised equipment is used in construction work, each of
which is tailored to specific applications. For example, construction machines
such as excavators and dump trucks are used for earthworks, while concrete
pumps, concrete mixers and formwork are primarily used for concreting work
(Figure 29). Cranes and lorries are used to transport materials. Some of this
equipment can be equipped with technological solutions, such as Internet of
Things (loT) sensors [Jiang, He; 2020], to transmit real-time location and status
information to the DBT platform. However, this requires a technological upgrade
to the machines, which is associated with additional costs and increased main-
tenance. In addition, it would be necessary for subcontractors to also equip
the construction machines they use with loT sensors to collect data from these
machines.

Camera-based monitoring systems represent a promising option for the col-
lection of position and status information [Xu, Wang, Shou, Ngo, Sadick, A.M.,
Wang; 2021]. These systems utilise an artificial intelligence-based detection mod-
el to identify various pieces of equipment on images and track their movements.
Such an approach makes it possible to capture data on the position and status of
equipment on construction sites, provided that the equipment is known for the
detection model and is within the detection range of the camera. The advantage
for construction companies is that they can utilise a flexible and efficient meth-
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od of data collection without the need to upgrade construction equipment with
sensors in advance. However, it is crucial that camera-based systems have a clear
line of sight to the monitored areas to ensure effective data collection.

Components &
Methods

Figure 30. Concept: From generating
the data to processing and
presenting the information.

The data acquisition system, which is based on camera technology, consists of
two central elements. Firstly, it includes a software component that is respon-
sible for analysing camera images and providing data on detected construction
machines. Secondly, it consists of a hardware component that includes both the
camera for data acquisition and the computer for analysing and processing this
data (Figure 30)

The data acquisition system sends the collected data to the DBT platform. In
this platform, data provided by Control & Management of Construction Equip-
ment activities representing the actual process (as-Performed) is linked to the
planned data (as-Planned). This link is made specifically between the planned
(as-PlannedEquipment) and the actual deployment (as-PerformedEquipment) of
the construction machines, including the recorded geographical positions. In the
final phase, it is offered a visualisation tool that allows the movement paths of the
construction equipment to be displayed on a map in conjunction with the IFC
model by downloading it from the platform. In addition, logistical information
such as planned and actual deliveries are visualised in a table.
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Figure 31. Hardware for data
acquisition and processing
used on the Postiaukio
pilot site.

A stereo vision camera is used to capture three-dimensional data of the environ-
ment (Figure 31). This technology uses two horizontally offset images, analogous
to human stereoscopic vision, to measure the distances from the camera to the
object, which is made possible by generating a depth map. The camera is also
equipped with an Inertial Measurement Unit (IMU), which makes it possible to
measure the orientation of the camera. It also complies with protection class
IP66, making it completely dustproof and resistant to strong water jets, which is
recommended for use on construction sites.

For efficient processing of the data obtained, the use of a single-board comput-
er, such as an Nvidia Jetson model, is recommended to process the image data
directly on site [Kosse, S., Pawlowski, D., & Kdnig, M.; 2022]. This computer was
used for data collection on the Postiaukio pilot site in Finland, which was housed
in a specially constructed case with data storage. The advantage of this system
is that it is specially designed for Al applications and has a maximum power con-
sumption of 25 watts, which is energy-saving.

Stereo Vision Camera Nvidia Jetson
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Software The software component uses a computer vision algorithm to detect construc-
tion machines in images. It determines their locations, tracks them over several

Component images and records their movements in the form of trajectories. The trajecto-
ries are three-dimensional and labelled with geographical coordinates, whereby
each point on a trajectory is assigned a specific GPS position. Each trajectory
is given a unique ID and a class label that specifies the object type. In addition,
time stamps, a confidence value for identification certainty, the speed, and the
movement status (IDLE for standstill and MOVING for movement) are recorded
at each point on the trajectory. This data collection provides a basis for analysing
the movement patterns.

The computer vision algorithm integrates three main components that were im-
plemented sequentially. The initial component consists of a real-time YOLOvS
detection model (Al) [Jocher et al; 2022], which indicates the position and size
of the machines by a bounding box when it detects them (Figure 32). For the
training of the detection model, 15,900 images were used. The underlying train-
ing dataset includes nine different classes of objects, allowing the detector to
identify the following types of machines in images:

- Excavator - Concrete mixer - Dump truck
- Pump truck - Roller - Mobile crane
- Dozer - Loader - Tower crane

The performance of the detector was verified by evaluating 2870 images, achiev-
ing a mean average precision (mAP) of 0.85 mAP@0.5 and 0.6 mAP@0.5:0.95.
These results indicate that the model can identify the machines with good ac-
curacy.

Figure 32. Use of the detector that
recognises both the
excavator and the dump
truck.

The second component comprises tracking, which continuously follows a de-
tected machine over a series of images if it remains within the camera’s field of
view (Figure 33). This involves setting up a tracker with a random identification
number that predicts the position of the machine for the next image by relying
on the movement dynamics (speed, direction, and size of the object). The track-
er is updated with data on the position and size of the bounding box from the
detector to refine its predictions. Even if the detection fails, for example because
the machine is obscured by another object, the tracker can predict the position
for the next 60 images. If the detector can no longer identify the machine and
the tracker is therefore considered invalid, it is deleted from the system. Howev-
er, the trajectory recorded up to that point remains in the system.
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Figure 33. Dump trucks and
excavators are recognised
and tracked. The
trajectories on the right are
three-dimensional, shown
from a bird's eye view.

Figure 34. The trajectories shown on
a map in Figure 34.

The final component involves the conversion of local three-dimensional coor-
dinates into GPS coordinates. As part of the tracking process, the distance be-
tween the stereo camera and the detected machine is measured, resulting in the
generation of a three-dimensional coordinate, whereby the origin of the coordi-
nate is the camera itself. Using the known GPS coordinates of the camera and
its orientation (the camera direction in degrees relative to the magnetic north
pole), the spatial offset between the camera and the identified machine can be
determined. This results in the specific GPS position of the machine, whereby
the entire trajectory is georeferenced (Figure 34).

Dashed line: Camera field of view
Pin: Location of the camera
Blue trajectorie: Construction site fence
Red trajectorie: Excavator

Yellow trajectorie: Building boundary

Green trajectorie:  Dump truck

Capture of
Logistical
Processes

Within the scope of Control & Management of Construction Equipment, the
focus was on two main areas: firstly, the localisation and status detection of ma-
chines and, secondly, the monitoring of logistical processes involving the delivery
of construction materials. These objectives were achieved by determining the
coordinates and dimensions of loading and unloading zones using GPS technol-
ogy (Figure 35). By analysing whether a particular construction machine or truck
is allowed to enter such a zone, an event log can be generated. This log, which
contains an identification number, time stamps for arrival and departure and the
duration of the stay in the zone, makes it possible to assign the actual arrival time
of a delivery to a planned delivery. In this way, it is possible to efficiently check
whether there are delays or failures in the delivery process.

Figure 35. Detected concrete Detected concrete mixers and the associated trajectories Georeferenced unloading zones and trajectories

mixers on the
Spanish pilot site
and the associated
geo-referenced
trajectories and
working zones
(name of the
working areas
shown).
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Data
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Visualization

Figure 36. The integration of as-

Perfomed data for a
piece of equipment that
is linked to a delivery
process is illustrated.

Figure 37. This tool imports the IFC

model and the equipment
data, including the
trajectories, from the
platform and displays them
together on a map. Within
the 3D visualisation, a
trajectory, marked in red,
is visualised together with
its metadata in the plugin
window.

As-planned data

As-performed data4

The data from the acquisition system is integrated into the DBT platform in ac-
cordance with the ontology defined within BIM2TWIN. This means that when a
construction machine is identified by the computer vision algorithm, the equip-
ment type including ID and the trajectory, consisting of GPS positions, are stored
in the DBT platform. Planning data for the equipment is already stored in the
DBT platform, which links the detected and tracked equipment (as-Performed)
with the planning part (as-Planned). In particular, when a delivery process is
identified (see section Capture of logistical processes), the delivery process is
also linked to the equipment based on the event log. As the delivery process was
also planned, this realised delivery process is also linked to the planned delivery
process (Figure 36).

Ag-planned nodes

Gg:ﬁs-perlurmed equipment n = Operation = As-planned equipment = Work package
- . i =
= Ressource application E'J = Construction E: Ressource assignment = Activity

=N:1ion =Po-'nl =Ta.sk

To make this data accessible to a user, a visualisation tool was developed as part
of WP6, which presents the data in a processed form. The IFC model, a map
section and the equipment data are downloaded together with the correspond-
ing GPS positions. This allows the user to track the movements of the equipment
(Figure 37), but also to compare the planned processes with the processes that
took place and to see whether, for example, the fulfilment rate for deliveries was
achieved on a particular day (Figure 38).

Plugin 3D Visualization
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Figure 38. A section is integrated
into the plugin window
that displays all processes
associated with the
equipment in tabular form.
This visualisation enables a
direct comparison between
the planned and performed
processes.

Logistic
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Results

The development of the system for data collection using camera technology rep-
resents an opportunity in the management and monitoring of construction site
equipment. By combining stereovision cameras and computer vision algorithms,
it enables the efficient collection of position and status information of construc-
tion equipment in real time. This provides a robust solution to the challenges
associated with monitoring and controlling equipment usage on construction
sites, particularly in terms of flexibility, safety, and cost optimisation.

The camera-based monitoring system was used at two pilot sites, Valencia
(Spain) and Postiaukio (Finland), to collect data for the development of the al-
gorithms and to test the system on a small and large construction site. A total
of 30 construction processes were documented at these sites. Overall, the
system made it possible to record and analyse GPS positions and monitor the
status of construction machines on both the larger construction site in Valencia
and the smaller one in Postiaukio. One limiting factor, however, is the restriction
of tracking to the camera’s field of view, which requires strategic planning of
the installation locations. Positions near tower cranes are ideal, as these usually
have access to power supplies and are close to important working zones such as
loading, unloading, or concreting areas. In the future, it should be considered
to implement a re-identification process that enables continuous tracking of ma-
chines across different camera areas and assigns a unique ID to each machine.
However, this poses a significant challenge as construction machines rarely have
unique, easily recognisable markings and often have similar visual characteristics,
making it difficult to uniquely identify a particular machine.

Another problem is the detection of idle times using only this system, as dif-
ferences in the operating status of the machines (engine on or off) cannot be
detected using computer vision techniques. But it is possible to detect whether
a machine is moving or not. In such cases, the use of loT sensors could offer a
solution, but the challenges mentioned at the beginning of the chapter should
be considered. It should also be considered that cameras are equipped with an
integrated IMU (Inertial Measurement Unit) and magnetometer to automatically
determine the orientation of the camera and make any corrections in the event
of positional deviations. It is also important that the GPS position of the camera
is precisely determined during installation, as was made possible at the Postiau-
kio site by the RTK-GNSS system, as this has an influence on the calculation of
the GPS positions to the equipment.
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In summary, the system offers a viable and flexible solution that can transform
the way construction companies monitor their equipment. It promises not only
to optimise operations, but also to improve safety standards and reduce envi-
ronmental impact through more efficient machine use in combination with data
mining and process mining algorithms.

e Nrwin Bl £V funded project GA no. 958398 40




6. Proactive Production Planning
and Control Service

Predictive simulation can provide planners with forward-looking situational
awareness, allowing them to test various production plans and what-if scenarios
without real-world consequences [Lappalainen et al., 2021]. This enables the
anticipation of risks and preparation of mitigation strategies, leading to more
resilient production systems. In essence, predictive simulation facilitates virtual
prototyping not just of products, but of processes as well. It accelerates learning
and experience generation, moving beyond the traditional model of learning
once per project to a continuous learning process at any project stage. In the
long term, predictive simulation can even evolve into a closed-loop optimization
system for autonomous planning and control of construction sites [Sacks et al.,

2020].

Currently, however, most construction firms use software tools that implement
the Critical Path Method (CPM) for scheduling, relying heavily on experienced
planners to set task durations and dependencies between tasks. However, the
CPM model abstracts away much of the detail needed for production planning
and control - it ignores the flows of materials, crews, locations and informa-
tion on site that determine whether work can proceed or not, and it does not
model the waiting times and the non-value adding activities. As a result, teams
are left to react to plan failures, because they do not have the right tools to
model production planning and control that are needed for proactive schedule
updates [Koskela and Howell, 2002]. Furthermore, the assessment of schedule
and production risks is often qualitative, or at best, relies on stochastic Monte
Carlo methods applied to CPM project networks. This approach has significant
limitations, particularly in ignoring the covariance between tasks due to resource
co-dependency, the uncertainty in the values of production rates, crew return
times, and other factors, and the influence of external factors like other projects
running in parallel and competing for resources.

Methods

To overcome these challenges, innovation is needed in construction planning
and management. Agent-based simulations offer a probabilistic alternative to the
deterministic CPM model, and they correctly model the various flow of produc-
tion on the construction site. In this framework, agents represent various ele-
ments of a construction project — from designers and workers to equipment and
spaces. Programmed with behavioural patterns, the agents execute work as per
the designed and planned models, resulting in emergent outcomes that can be
measured in terms of cost, duration, quality, and safety. The product design and
the construction process - the Project Intent Information (PIl) - are represented
in a Building Information Model (BIM) and the construction plan (work break-
down structure, location breakdown structure, site organisation plan and sched-
ule). This way the tasks can be derived directly from the designs. Consequently,
this ensures that the right building parts will be constructed at the right time.

Unlike traditional CPM planning and management, this approach of planning
tasks by the BIM ensures that task dependencies are automatically built-in to
plans, instead of needing to rely on planners’ expertise of identifying depend-
encies. The current status of the project is provided in a Project Status Mod-
el (PSM), compiled using the various monitoring tools described in the earlier
chapters of this white paper. The agent-based simulation can start from any giv-
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en point in time, usually the latest known status date. Once initialized to the start
date, the agents interact within the digital twin environment in accordance with
goals set by the intent information model. This simulation can be run multiple
times to explore the range of probable emergent outcomes. This is a powerful
tool for predicting the outcomes of different design and plan alternatives. To
date, however, the application of agent-based simulation in construction has
been limited by a lack of data on behaviour and site environments and by the
difficulty of compiling and maintaining accurate project status information [Ab-
delmegid et al., 2020].

Figure 39 illustrates the system architecture developed in the BIM2TWIN pro-
ject for embedding predictive simulation within the Digital Twin Construction
framework. Our system is composed of five main modules that synergistically
provide decision support for construction production planning and control. The
system is connected to two databases: the Local Database, which stores baseline
production plans, the completed alternative plans with their evaluations, and
visualization data; and the Digital Building Twin Platform, a graph-based online
repository that stores the current project status and intent information.

Figure 39. System overview for a

predictive simulation system Recommendation
with a DBTP. el
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Evaluation

— Simulation Engine

Synergy with The effectiveness of predictive simulation is inherently tied to its accuracy, which,
in turn, depends significantly on the quality of the input data it utilizes. To avoid
DBTP the pitfalls of a ‘garbage in, garbage out’ situation, it is imperative to provide

the simulation with the most accurate and up-to-date information available. This
encompasses two critical components: the current state of the project (Project
Status) and the envisioned development (Project Intent). The role of the Digital
Building Twin Platform (DBTP) becomes crucial in this context.

The DBTP functions as a centralized repository of verified information, ensuring
that all stakeholders have access to a consistent and shared “source of truth”
throughout the project’s lifecycle. It documents both the latest design and the
production plan — what we refer to as Project Intent Information (PIl). This en-
sures that any planning or decision-making is grounded in the latest project spe-
cifics. Furthermore, the DBTP integrates data streams from automated progress
monitoring systems into a comprehensive PSM. This model offers a real-time
snapshot of the project’s current state, detailing completed works and ongoing
activities. Accurate reflection of the project’s status in the PSM is vital for estab-
lishing the correct starting conditions for the predictive simulation.

The predictive simulation leverages the Pl not only to assess current plans but
also to generate and evaluate alternative production strategies and “what-if” sce-
narios. This ability to simulate different approaches in a risk-free environment is
invaluable for strategic planning and decision-making.

Lastly, the continuous accumulation of data from various projects into the DBTP
paves the way for the creation of a historical digital twin database. Such a data-
base can be instrumental in calibrating the simulation’s parameters, like produc-
tion rates, on the basis of real-world data and trends observed across multiple
projects.
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In construction planning, a broad range of parameters must be considered to
devise alternative plans. These parameters include labour, equipment, materials,
logistics, work breakdown structure, and location systems, each critical for pro-
ject efficiency and effectiveness.

Labor considerations focus on production rates influenced by worker skill levels
and production methods. Enhancing production rates can accelerate project
completion and efficiency. Additionally, the configuration and size of crews, as
well as the distribution of crews across different trades or contractors, are vital.
Adjusting these factors enables simultaneous workflows in various areas, speed-
ing up the project. Furthermore, training crews in multiple trades (multi-skilling)
enhances workforce flexibility, increases utilization, and reduces unnecessary
movement. Equipment use, specifically the type and quantity of machinery and
tools like cranes and elevators, plays a significant role in project progression.

Optimizing equipment utilization can enhance process efficiency and shorten
project durations. Material and logistics management involves decisions about
material delivery sizes and frequencies, and inventory buffer sizes. Planners also
choose between push or pull material delivery strategies, impacting on-site ma-
terial flow and construction costs and efficiency. Modifications in construction
methods and product designs can lead to adjustments in the work breakdown
structure, such as task dependencies, significantly affecting project timelines and
resource distribution. Finally, the choice of location system, including various
zoning strategies and resolutions (e.g., floors, zones, apartments, rooms), pro-
foundly affects on-site work organization and execution.

Figure 40 shows the User Input Module that captures the user’s input data to
select the most appropriate alternative production plans for the simulation.
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Figure 41. Progress trajectory of 500
simulation runs (green)
plotted against the planned

(black) and actual (red)
progress.
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While planners have a wide scope of actions to explore in their production
planning, the complexity and sheer number of variables involved often make
it challenging to consider them all effectively in day-to-day planning. For an av-
erage-sized residential project in Europe, with about 20 work packages, there
could be several million possible plans derived from these variables. Identifying
the optimal plan out of this multitude solely based on intuition is virtually impos-
sible. Therefore, planners often resort to best practices and rules of thumb, al-
tering only those elements that are tangible, obvious, and intuitive. This is where
simulations can play a transformative role, helping planners navigate this vast
solution space to identify a few optimal plans worthy of consideration.

The Simulation Module is configured with agent behaviour specifications and
implemented using AnylLogic® software. It simulates alternative plans stochasti-
cally multiple times to get a fan of possible results (Figure 41 shows an example).
Subsequent to the simulation, the Alternative Plan Evaluation Module processes
the raw outputs, evaluates the performance of each plan, and assembles deci-
sion aids and KPIs. The Alternative Plan Optimization Module uses optimization
algorithms to create and refine additional alternative plans based on the evalu-
ation results.

“Earliest project end cate

20 30 40 50 60
Projecl Week

Proactive
Recommendation
Dashboard

The Recommendation Dashboard Module (Figure 42) displays the simulated
production plans alongside their evaluations, enabling users to make informed
decisions for the upcoming production cycle. The simulation results can also be
visualized in 4D (Figure 43) so planners can visually compare the outcome of
different production plans.

e Nrwin Bl £V funded project GA no. 958398 44




Codd sl Earrvngs Uit

Figure 42. Recommendation
Dashboard in PowerBlI.

Schadhole veruoe

Cost and Earned Value

Caost

Cod IFLESN

Caak balarse

Wirkhd 2000 & B0071 8F prapec)

Earned Value

Earsrgs Euk

Whaahd dersli Wla0 of o opil ]

Wk deted 0601 o et

Figure 43. 4D visualization of the
simulation during the
frame erection phase of
the Postiaukio pilot project.

Results,
Learnings, and
Conclusion

The effectiveness of the predictive simulation system is highly dependent on
the availability and quality of project status and intent information housed in
the Digital Building Twin Platform (DBTP). Our experience shows that the sys-
tem’s integration with the DBTP is not only feasible but also creates a synergistic
relationship, particularly when combined with automated progress monitoring,
culminating in a closed-loop system.

To date, the application of our system to a real-world project has yielded a
70% accuracy rate in simulation predictions. This level of precision has provided
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practitioners with greater confidence in their decision-making processes and
fostered an optimization-centric approach to project management.

Despite these advances, several challenges remain. Further research is required
to enhance the fusion and interpretation of data streams from automated pro-
gress monitoring, aiming to improve the quality of the Project Status Model with-
in the DBTP. Additionally, the simulation’s validation process demands a more
substantial accumulation of high-resolution historical project status records.

There is also a pressing need to refine how we systematically derive actionable
insights from simulation results. Doing so will substantially increase the utility
of the information stored within the DBTP, turning data into decisions that can
drive project success.
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7. Pilot Demonstrations

Figure 44. Demonstration Passport
and its sections.

One of the most important tasks of the demonstration task was to plan the
demonstration activities in the different construction sites. Firstly, it was neces-
sary to define the characteristics and the key attributes of the possible pilot pro-
jects. At the beginning, each construction company proposed one pilot project
to perform the demonstrations; however, when the demonstrations approached,
some of the construction sites were not available any more due to a series of
setbacks, such as changes in the schedule or duration of some works. Thus, new
pilot projects were required.

In this research, some important constraints appeared and made the demon-
stration phase more difficult:

- The average contract time of contractors, which is significantly shorter than
the demonstration period.

- The long period before the demonstrations were scheduled to start, since
some of the contractors can’t foresee which projects will be at the construc-
tion phase so far in advance.

- The long bidding process period and uncertainty of contracts.
- The long demonstration period, which takes place over twenty-two months.

Therefore, it was decided that more than one pilot project would be needed per
construction company.

As a result of this process, a framework with all the information needed to select
the different demonstration projects was developed. This document was called
the “Demonstration Passport” and it aimed to collect information about the
building and the monitoring needs from the use cases; its purpose was to gather
as much information as possible, to be able to prepare for any event and ensure
a smooth demonstration between the partners and construction workers. It
consists of structured templates for the partners to register thoroughly their
information to be assessed at any time of the project. It is divided into four dif-
ferent sections: demonstration activities, building information, implementation,
and other information relevant to the project.

This template was meant to be used by all partners; some of them must be
responsible for filling in the information that others will later use as a common
source of information.

81 MmT\NIN

BUILDING
INFORMATION

DEMONSTRATION
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Pi Iot Deﬁnition The construction companies and project partners, Fira, Spada and Acciona, are
located in Finland, France and Spain, respectively. This already gives the demon-

stration a broader range of applications since each company has its own prac-
tices and local context. Besides, the pilot projects provided for the BIM2TWIN
project have different typologies of uses and construction technologies which
also enrich the results. Each company has proposed different pilot sites due to
the constraints already mentioned to host the demonstration of the different use
cases developed by the technical partners; however, not all the sites were finally
used as demonstration scenarios or to collect data.

Finnish Pilots Fira provided different possible pilot projects, of which two were used intensive-
ly. The first one was the Kivitasku pilot (Figure 45), which is a new apartment
building located in Vantaa, Finland.

The building is composed of three parts with their own access and a total of
136 apartments. Part A has six floors, and parts B and C have seven floors. The
frame is made with precast concrete elements, while the foundations are in-situ
cast concrete on the ground. The building has a large extent brick facade sup-
plemented with some painted precast sandwich element panels. The roof is flat
in shape with roofing felt made of bitumen.

The pilot was under construction during the first demonstration round with
earthworks, most of the frame installations and some preparations of the inner
phase made. The total duration of the project was about 15 months.

After the first demonstration, new raw data was needed, and Fira provided a new
demo building. The Postiaukio pilot (Figure 46) also consists of a residential
building, located in Helsinki, Finland. The building is composed of a total of 61
apartments on seven floors. In addition, there are commercial premises on the
first floor. The frame is built with prefabricated concrete elements on a footing
foundation. The bathrooms are prefabricated volumetric modules. The building
is also attached to district heating. The facade is partly laid of bricks and partly
plastered. The inner phase of the construction was carried out as takt produc-
tion. A major part of the construction was done between the first and second
demonstrations.

Figure 45. Kivitasku pilot site. Figure 46. Postiaukio pilot site.
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French Pilots

Figure 47. Favasuli pilot site.

The pilot project proposed by Spada consisted of a restructuring and expansion
of the “Immeuble Favasuli” building complex in Nice, France (Figure 47). The
objective of this restructuring is to transform only the ground floor (and the
basement) without touching the four upper levels which are not only made up
of flats but also remain occupied by their occupants during the works. The very
particular and delicate technical aspect of the operation on this site lies in the
fact that it is necessary to raise the four occupied floors of the building during
the period of the works. To do this, the original structure was reinforced with
steel structures. Moreover, there is a monitoring system that continuously meas-
ures the position (and lack of movement) of the upper floors.

The works on this site were going slower than planned and only small demolition
works on a small building in the backyard have been done; the only data collect-
ed was gathered before the first demonstration.

e

Spanish Pilot

Acciona also provided several pilots, of which we used a Hospital in Valencia
(Figure 48). This project consists of the rehabilitation and expansion of the Hos-
pital. Two new buildings would be erected after demolishing the existing ones
and will extend the height of the covered circulation galleries that connect all
buildings. The construction methodology consists of reinforced, cast-in-place
concrete for the structural part. The facade will be cladded, with interior ma-
sonry walls and external ventilated wall - metallic structure and ceramic plaques.
Also, it will have interior partitions of dry walls.

Between the first and second demonstrations, the construction went from foun-
dation works to the finishing phase and installations.

The aim of performing a series of demonstration sessions was to evaluate the
behaviour of the DBT platform from the end users’ point of view, considering
the use cases developed by the technical partners and the Key Performance
Indicators (KPIs) identified at the beginning of the project and to improve the
functionalities and the platform itself. To that end, two rounds of demonstration
have been carried out: the first one in February 2023 and the second one in
September 2023. Both rounds involved the three construction companies, Fira
(Finland), Spada (France) and Acciona (Spain), the platform developers and the
technical partners.

Also, both demonstrations had a similar organising process which included per-
forming the implementation in the real sites, executing the platform with real
users and evaluating its behaviour through a survey. The group of users that eval-
uated the platform was formed by different professional profiles which enriched
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Figure 48. Valencia pilot site.

the final result; there were project managers, technical office managers, quality
control technicians, security prevention managers, surveyors and engineers.

Validation of Results

First
demonstration

Table 1. Organisation of the First
Demonstrations.

The first demonstration session took place in February 2023, but the preparation
procedures began way before. Due to that, many partners have visited different
pilot sites on several occasions to deploy their acquisition equipment and collect
raw data from the real sites. It aimed to show, for the first time, the status of each
BIM2TWIN functionality, the platform and the dashboard to the users; they also
should be able to operate it and see the potential of these tools.

The implementation plan included several activities to properly evaluate the DBT
platform and its technical functionalities. First of all, the functionalities should be
partially integrated with the platform and the dashboard, and each WP should
have prepared a user guideline to perform the different developments. After
that, a training session was organised for the partners to understand how to
operate the platform during the demonstration sessions. Finally, each WP de-
veloped a survey to collect the users’ feedback to improve their technologies.

This round of demonstrations was held simultaneously in the three construction
companies. At that time, the dashboard KPIs were partially calculated and most
of the input data came from real historical data or mock-up data. In each of
the pilot sites were the pilot project partners (Fira, Spada and Acciona) and the
designated partners, a group of partners who collaborated on the presentation
of the developments.

Pilot Project

Pilot project partner

Designated technical partners

Dates

Valencia-Spain
Favasuli-France

Kivitasku-Finland

ACCIONA
SPADA
FIRA
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14th - 15th of February 2023
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Figure 49. 1** Demonstration.

Kivitasku - Finland

During the sessions, the different partners explained the DBT platform, the dash-
board and the functionalities through presentations for the users, followed by
a survey to establish measures for the platform and requests for functionalities
improvements.

Favasuli - France Valencia - Spain

The overall overview of this first round of demonstration was qualified as really
positive by the end users; it has been remarked that it was very interesting to
collect, digitalise and synthesise all the data involved in a construction site in one
common platform using digital twins for construction management. Also, they all
agreed on the great value of the functionalities proposed since this would simpli-
fy their working procedures, and they were convinced on the future viability and
practicability of the DBTP. However, it has been noticed the necessity of more
interconnection between the different technologies developed by the technical
partners and the need of a more comprehensive storytelling of the project to
convey a coherent message of the BIM2TWIN project. Having this in mind, the
second demonstration session preparation started with these important conclu-
sions: a special focus on the usage of the BIM2TWIN environment by the end
users, and the integration and interconnection of all APls between them and the
DBT platform.

Second
Demonstration

The second demonstration aimed to evaluate the BIM2WTIN environment
considering all the remarks and improvements highlighted in the first round of
demonstrations. The activities of this demonstration started immediately after
the first one; several actions were organised to continue the ongoing work in
developing the technologies and trying to integrate them with the other func-
tionalities, the platform and the dashboard. Acciona, as the demonstration task
leader, organised different meetings and workshops to coordinate all WPs, and
also, some site visits were organised to collect new data, install new devices
or do some on-site tests. As mentioned above, the speed of the construction
process is not aligned with the BIM2WTIN project schedule; therefore, in this
second demonstration, a new pilot project has been used to collect data.

This demonstration was decided to be performed as an online session which
enabled to show the new version of the BIM2WTIN environment, the interaction
between all partners with all construction companies, and the exchange of differ-
ent opinions from different construction typologies and construction processes
and methodologies; all partners were able to participate simultaneously in the
same demonstration session, and each WP could present their work to all users
and show their APIs in real-time. This demonstration took place between the
26th and 28th of September 2023 and it allowed site users to see how virtually
operate the functionalities, the platform, and the dashboard, using historical
data from the different pilot sites.
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Table 2. APIs interconnections.

For this second round of demonstration, the format of these sessions was mod-
ified; it was decided to perform a coordinated presentation, showing the DBTP
integrated functionalities, according to the different use cases, remarking on the
connections between them. Also, each WP performed a virtual test of their API
and finally, they gathered the users’ impressions through a survey.

To coordinate all the functionalities with the platform, it was necessary to prop-
erly define the different workflows of the APIs and the dashboards for the final
user.

The integration process was coordinated by creating a series of diagrams where
each technical contribution could align with how end user should use the differ-
ent functionalities of the platform, and organise the different information with
the final user in mind.

Installed Devices Input Data End User Action Output Data - Results

Where to Install the | Where does the data Steps we should follow in Where to download/see the data from?

devices? come from? the Platform Is the data useful for other technical
Where to upload the services?

data?

The general impression of the users was that the BIM2WTIN project has been
improved according to the first round of feedback collection and they validated
the relevance of the core concept of the platform and its services. They also
considered that the BIM2TWIN is very useful in its services and visualization
tools, and it has a solid base with great potential for its use in the construction
sector once refined.
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8. Discussion

As we have seen in the previous pages, BIMTWIN has succeeded in developing
several service components and interconnecting them. The project activities
have progressed a long way in proving the feasibility of the Digital Twin Construc-
tion (DTC) paradigm, as outlined in the Introduction. This chapter summarizes
the discussion around these developments and highlights the most important
points regarding the observations and recommendations that can be drawn from
this research project.

DBT Platform The main component, the DBTP, was developed around two important axes:

- Ensuring the semantic coherence of the information collected from the
various services connected to the platform: this point required significant
effort to obtain a single data model covering the needs of each service. The
ontology resulting from this work was produced over several cycles.

- The use of a single technology to represent all this information and enable
its exploitation: the central data storage solution is based on a triple store.

However, to initiate the system for each of the sites for which the solution was
deployed, significant coordination and adjustment work was required to inte-
grate the input information (BIM and Planning) and make them interoperable.
Once this preliminary work was properly done, the BIM2TWIN solution demon-
strated its full potential by allowing one service to reuse the data produced by
another service. It is important to emphasize at this stage the need for practices
and supporting tools to ensure, in a native way, coherence between the tasks in
the schedules and the elements associated with these tasks in the BIM.

The difficulties encountered in the task of aligning BIM and planning seems to
stem from a lack of practice and perhaps a lack of properly adapted tools be-
cause BIM and IFC not only support the description of a building but also allow
for a detailed description of the tasks and resources assigned to its construc-
tion. The problem here highlights the many-to-many relationship between work
packages and physical building objects, but also the fact that a BIM model for
construction can be quite different to a BIM model produced in a design pro-
cess. They differ not only in the level of development (designs are usually LOD
200, whereas construction data will be at least LOD 30), but also in their ag-
gregation - decomposition relationships. A long wall in a design model may be
broken into a number of separate wall panels for production off site, shipping
and installation; the finishes on these walls might also be quite different, with a
commensurate impact on the need or modelling different layers of the wall that
are applied at different times in the production process. Some work packages
may need only a single surface of a single object representing the work package
(such as a column surface for painting) whereas the rest of the object ma remain
unaffected.

The project demonstrated that achieving our digital twin solution was not only
a question of individual integration of Digital Twin Services (DTS) into the DBTP
but the successfully combination of services to gain additional insights into the
current status of the construction site. The services must profit from each oth-
er's results to produce more meaningful insights. As a consequence, this integra-
tion must be well prepared and requires prior work to identify the connection
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points among the services, and a clear definition of their requirements. In other
words, the effort dedicated to the elaboration of a common data model (on-
tology) and the use made of the semantic technologies (the graph-based data
base) have been decisive choices in enabling the integration of services and to
be certain that the BIM2TWIN solution can be easily extended by adding new
services, which will benefit from the existing information and will be able to use
it to their full potential.

Degree of
Automation

When thinking about digital twins, many people have fully automated systems
in mind that reduce the amount of human work to the bare minimum. While it
is feasible for other industries that produce the product to be twinned in con-
trolled conditions in large quantities, this vision is not yet within reach for DBTs.

The construction industry differs from others because every construction pro-
ject results in a unique building. Even though the same building design might
be used multiple times, there will be differences in the location of the site, the
possible delivery routes, the weather conditions, or the subcontractors and oth-
er stakeholders that are part of the project. For these reasons, it is not possible
yet to implement a fully automated DBT that can cover many types of building
projects from various construction companies in different parts of Europe. This
makes it essential to weigh the costs of automation against the cost of the human
work required to perform some processing steps manually. While some data can
already be evaluated automatically, other data require human interaction for
evaluation or can only be automated with disproportionately high costs.

Three main aspects were identified within the frame of BIM2TWIN, where sig-
nificant manual effort was required to set up or operate the digital twin. First,
the lack of a standard exchange format for schedules and resource assignments
makes the automated interpretation of this information very difficult. There are
significant differences between construction companies and even projects in
terms of the scheduling methodology used, level of granularity, and other as-
pects. Also, for an automated linking of processes with elements from the IFC
file, automated process interpretation is necessary. Second, the raw data col-
lection often still requires manual intervention, e.g., for performing terrestrial
laser scans. While there are methodologies on the horizon that investigate full
automation, they still lack accuracy or come with high additional costs. Finally,
data pre- and postprocessing steps, e.g., the global registration of point clouds
with high accuracy, still require occasional intervention in an end-to-end pipe-
line. However, the advancements in research are gradually closing these gaps.

Service
Integration and
Cross-Service
Interactions

Following the successful integration and demonstration of individual Digital Twin
Services into the DBTP, the BIM2TWIN consortium sees great potential in com-
bining an expanded set of services to gain additional insights into the current
status of the construction site. To capture the status of the construction site
holistically, it is not sufficient to analyse raw data in a siloed fashion. The services
must profit from each other’s results to produce more meaningful insights. This
is, however, a time-intensive task since it requires a prior independent integra-
tion of the services data, identification of the semantic and logical relationships
between the data points, and a clear definition of the intelligent information
processing requirements. Within the scope of BIM2TWIN, this was achieved only
to a limited extent. Nevertheless, the strict data structures were identified as the
essential basis for seamless interoperability between different services.
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Process
Monitoring
Service

In order to closely follow the progress made on-site, different techniques have
been used. The combined use of 3D scanners and 2D cameras was designed to
test an alternative to inspection processes based on expert intervention. The aim
was to determine whether using this technique would save time, improve quality,
and increase productivity. The results obtained during the project showed that it
is possible to develop a user-friendly solution that combines the use of 3D scan-
ners and cameras for on-site acquisition with web-based tools for processing the
data. This method gives good results for process monitoring.

The method based on image analysis alone also gave good results in terms of
process monitoring. The solution deployed is totally device independent. It re-
quires a web browser to allow access to the service. Nevertheless, the accuracy
reached is not at the expected level. This is mainly due to the limited accuracy
of the GPS data.

Quality Control
Service

Even if the combined use of 2D and 3D instruments gives good results in terms
of process monitoring, the accuracy of the acquisitions does not yet allow one to
go beyond simple recognition (applying filters to dimensional tolerances would
not make sense) and therefore does not benefit quality checking. Nevertheless,
the market for these kinds of devices is booming and technical Al based solu-
tions may emerge. The accuracy issues should be resolved in the medium term.

One important aspect with the solution developed during the project was the
ability of this service to link KPI values to pictures and allow the sites managers to
keep track of the default/cracks captured on-site. However, the surface control
suffered from technical bottlenecks (devices not designed to be manipulated
easily in “on-site” conditions, the need to balance between accuracy and size of
the acquisition files, etc...). Al based solutions continue to be a very promising
track but the method requires a huge amount of training data to be properly
tuned, and that was not feasible in the scope of this project.

Occupational
Health and
Safety Service

The development around the OHS theme has produced interesting results by:

|II

- Improving “structural” safety: By importing a BIM of a building under con-
struction at a given time, it has been possible to generate a model called
“SafeBIM”, which detects hazardous areas in the structure under construction
and automatically adds safety elements to prevent the risk of falls.

- Improving “active” safety: in addition to the hazardous areas identified from
the BIM, analysis of the schedule also makes it possible to identify areas made
hazardous by another team working in another place at the same time. For
instance, the work of a teams made at a higher storey, just above another
one at the same time could lead to hazardous situations. This “active safety”
can be easily extended with the connection of the current solution to extra
devices enabling a localised representation of workers’ movements on the
site. This tool could be linked to other sources of information (crane bucket
movements, for example) to identify potential risk zones and create warning
systems to minimise workers’ exposure to risk.

Equipment
Optimisation
Service

The system developed during the project is capable of recognising and locat-
ing construction equipment. The combination of a simple acquisition system
coupled with vision algorithms works well. One limiting factor, however, is the
restriction of tracking to the camera’s field of view, which requires strategic plan-
ning of the installation locations. This aspect should be considered to implement
a re-identification process that enables continuous tracking of machines across
different camera areas even if it remains a significant challenge to differentiate
construction machines having similar visual characteristics.
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It is also worth mentioning that such a solution can be complemented by using
other sensors (loT) to detect if equipment that is not in motion is still in use.

In summary, the system offers a viable and flexible solution that can transform
the way construction companies monitor their equipment. It not only promises
to optimize operations but also to improve safety standards and reduce envi-
ronmental impact through more efficient use of machinery combined with data
exploration and process algorithms.

One might achieve better results for the overall DTC system by considering the
possibility of communication exchanges between independent BDTCs. In the
case of construction equipment, a separate Digital Twin platform for the equip-
ment itself could be applied to monitor and optimise its performance.

Proactive
Production
Planning and
Control Service

The effectiveness of the predictive simulation system is highly dependent on the
availability and quality of the project status and intent information stored in the
Digital Building Twin Platform (DBTP). Our experience shows that integrating the
system with DBTP is not only feasible but also creates a synergistic relationship,
particularly when combined with automated progress monitoring, resulting in a
closed-loop system. To date, the application of our system to a real-world project
has yielded a 70% accuracy rate in simulation predictions. This level of precision
has provided practitioners with greater confidence in their decision-making pro-
cesses and encourages them to focus on optimising project management.

Despite these advances, several challenges remain. Further research is required
to enhance the fusion and interpretation of data streams from automated pro-
gress monitoring, aiming to improve the quality of the Project Status Model with-
in the DBTP. Additionally, the simulation’s validation process demands a more
substantial accumulation of high-resolution historical project status records.

There is also a pressing need to refine how we systematically derive actionable
insights from simulation results. Doing so will substantially increase the utility
of the information stored within the DBTP, turning data into decisions that can
drive project success.

BIM2TWIN
System
Demonstration &
Validation

The BIM2TWIN System demonstration and validation was a long phase of the
project that started a few months before the demonstrations took place. There-
fore, a great part of this stage was about coordinating the work developed by the
different partners, planning the demonstration sessions, and always considering
the requirements established at the beginning of the project.

One of the key points of the project was the pilot selection and all the constraints
associated with it. To solve this issue, a demonstration passport was created; it
was a framework that would allow all the information about the demonstrations
to be filled in throughout the project and on-demand, with two main levels of
information: the building information and the monitoring needs from the use
cases. This would let to gather all demonstration information in one document.
The demonstration activities were associated with different projects from the
construction companies located in different countries. This enriched the final re-
sult, but also it required a great effort to manage expectations from the technical
providers and construction sites, as they have different visions of the processes.

The main objective of the demonstration was to show the users the development
of the B2T System, integrating all the APIs with the platform and showing the
possible results through the dashboard and the 3D viewer tool. Throughout the
different demonstration sessions, the users remarked on the necessity of having
a flexible and easy-to-operate system to be adjusted to all particularities of the
different construction companies. Also, all the functionalities and the platform
should work as a unique entity sharing all the information between them; in fact,
this is the innovative factor of BIM2TWIN, that all functionalities work collabora-
tively. Overall, users showed great interest in the topic and huge potential in the
B2T system, which confirms the relevance of this project.
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Conclusions

The BIM2TWIn project’s research team has progressed a long way in proving the
feasibility of the Digital Twin Construction (DTC) paradigm, as outlined in the
Introduction.

In the broad picture, we have shown that it is possible to:

1. Sense, interpret and provide users with information that builds situational
awareness of the site, within a short time frame, and with little latency. The
situational awareness encompasses:

a. construction progress,

b. quality control,

c. construction safety conditions

d. performance of major construction equipment

2. Predict outcomes of alternate production system plans and provide the
results to decision-makers to support them in optimising the production
control on site.

Situational awareness concerns the current state of the project, while predict-
ing outcomes concerns the possible future states. Knowledge of each of these
empowers construction managers, who - it is reasonable to assume - can apply
that knowledge to the goal of improving production flow, schedule conformance,
construction quality, health and safety, and to reduce the environmental impacts
of their projects.

Recommendations
for the
Construction
Industry

Naturally, a research project such as BIM2TWIN cannot produce a commercial
production control system, nor is it intended to do so. Instead, the project aimed
to demonstrate how a variety of monitoring technologies and intelligent software
applications could be applied in unison, as a cohesive system, to achieve Digital
Twin Construction. The success in deriving the requirements, developing proto-
typical implementations of the system’s components, in integrating them around
the Digital Building Twin Platform, and in demonstrating their effective use in
concert, leads to two recommendations for industry:

1. Firstly, we propose that the business value of DTC is to be found in the in-
tegrated system rather than in any single component. The reason for this is
that situational awareness is only valuable if it is comprehensive. For example,
knowledge of the status of the products on site is insufficient for adjusting
the production system — we need information concerning the resources used
to achieve that status, so that we can assess productivity and the quality of
production flow. Companies in the Construction Tech industry are therefore
advised to focus on providing comprehensive monitoring, evaluation and pro-
duction planning systems, based on data from multiple monitoring sources
and on Al routines for fusing/merging the data and interpreting it to provide
useful information.

2. Secondly, the successes of monitoring project progress, quality and safety,
although narrow in scope, suggest that construction companies should pay
increasing attention to the developments in Construction Tech hardware and
software, as these systems will be game-changers in terms of determining a
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construction company’s productivity ad hence their competitiveness in the
market.

3. Thirdly, integration of information systems requires formal standards to en-
sure that the products of Construction Tech companies can plug-in to DTC
information platforms and can be used interchangeably. The BIM2TWIN on-
tology is the first of its kind to define the specific information needs, in-
cluding as-designed, as-planned, as-built and as-performed information. The
BIM2TWIN ontology could serve as the basis for an industry wide ontology
for DTC.

Potential Areas
for Improvement

During the project, we deployed a solution implementing the principles of a
digital twin for monitoring site activity. With the limited resources at hand, the
system components developed in BIM2TWIN are at best alpha prototypes. Each
could be greatly improved both technically, int terms of user friendliness, and in
terms of overall system integration. Almost all the services we have developed
and tuned using artificial intelligence technologies to perform shape recognition,
position recognition or alternative planning calculation & predictions. But these
algorithms need to perform extra learnings being thus able to recognise other
building components, to be more accurate, etc.

Future Research

There are undoubtedly practices
that need to evolve to facilitate
the transition between the
design and construction phases
and these practices should be
supported by dedicated software
solutions.

Around the main component represented by the BDTP, five technical services
were not only developed but also connected to the platform so that each of
these services could take advantage of the information collected or produced by
the others. During our demonstration phases, we were able to prove the com-
plementary nature of these services and the benefits of linking them together in
order to provide the situational awareness that we had originally sought.

Nevertheless, there is still room for various improvements. If the construction
lifecycle is considered, the BIM2TWIN project takes place between the design
phase and the exploitation phase. The design phase produces the input files
(BIM & Planning) that are needed to initiate our digital Twin. To take these input
data into account, components have been developed enabling their injection
in our system. But this has required time and effort to align the two sources
of information. In the current practices, the teams that produce the BIMs and
the construction plans, although they be employed by the same company, do
not coordinate their work. As a result, the plans we handled, with described
tasks, resources, and construction elements, had different identifiers for these
elements than those used in the BIM. We had to align them manually. There are
undoubtedly practices that need to evolve to facilitate the transition between
the design and construction phases and these practices should be supported by
dedicated software solutions.

The second challenge to be considered for future research is the transition be-
tween the construction phase and the exploitation phase. By tracking and re-
cording all the events occurring during the construction phase, BIM2TWIN is in
a position to produce a digital logbook of the project. All the data recorded are
also contextualised thanks to the data model. One key challenge would be to
think about the best ways to re-use this information when deploying digital twin
environments for the exploitation phase.
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