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PREFACE

Welcome to Istanbul for the 8" International Project and Construction Management Conference
(IPCMC), We expect this year's conference to be hosted by Yildiz Technical University with more
participation than the previous conferences. The conference aims to facilitate interdisciplinary
integration and international cooperation among academicians, industry professionals and
researchers in the project and construction management field to share their latest research findings,
experiences, and prospects. IPCMC 2024 is expected to serve as a forum especially for the early-stage
researchers to discuss their research ideas, preliminary findings of their studies and develop new
academic networks. Well-known keynote speakers from academia are invited to share their
experiences and foresights. As a tradition of the IPCMC conferences, rewards will be delivered to the
best papers. In this way, it is aimed to provide an interaction between academia and industry.

IPCMC 2024 attracted a great attention with a total of 114 full-text papers to be presented verbally.
The regular increase in the number of papers in the IPCMC to date indicates the importance of project
and construction management research at the international level. It can also be considered that the
popularity of this year's host city, i.e., Istanbul, may have contributed to this attention. It is Istanbul's
endless variety that fascinates its visitors. Istanbul is Tlrkiye's most developed and largest city, with
the latest discoveries indicating that the history of human habitation here goes back some 400,000
years. The museums, churches, palaces, grand mosques, bazaars, and sites of natural beauty are
countless.

Looking at the main topics of the conference, the most papers were written on (1) digital technologies,
(2) disaster, risks and resilience, (3) organization, leadership and strategy, (4) construction methods
and technology, (5) construction management and dispute resolution, (6) economical and financial
management, (7) professional issues in education and practice, (8) clean energy and sustainability, (9)
project management, respectively. These topics are of great importance as they highlight the current
needs and trends of research society and the industry. These trends are expected to significantly guide
young scholars and professionals who are at the very beginning of their research and/or working lives.

We would like to express our gratitude to Honorary Chair, Rector of YTU, Prof. Tamer Yilmaz, and co-
chairs Prof. M. Talat Birgdnil and Prof. Zeynep Isik for their valuable contributions to the Conference,
and all the researchers who took part in the Conference Organizing, Scientific, and Reward Assessment
Committees. Finally, we would like to thank 23 companies that provided financial support to the
realization of the Conference. We would like to thank all the participants for their contributions to the
field of project and construction management by participating in the IPCMC 2024. We sincerely hope
that the academic community and industrial practitioners will continue to support us in our attempts
to provide even more meaningful conferences with numerous critical idea exchanges, diverse
opportunities for fruitful networking and future collaborations between the delegates.

Editors

Kerim Kog
Serdar Ulubeyli
Serkan Kivrak

Yildiz Technical University, Istanbul, 06-07 June 2024
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Abstract

Building Information Modelling (BIM) encompasses an innovative construction process used
in the construction industry in cooperation with the field of architecture, engineering and
construction (AEC) industry. It is seen in the literature review that BIM is not yet an actively
used system for developing countries such as Turkey. One of the main reasons why BIM is not
actively used in Turkey is that BIM implementation processes and existing Turkey construction
implementation processes are not fully compatible in AEC. When the current project design
and construction processes in Turkey are examined, although the stakeholders are independent
of each other, a process is carried out under the control of a centralized system such as building
inspections and municipality. However, in the current situation, there are disruptions in the
process due to many reasons, such as time losses in data transfer between stakeholders,
incomplete data transfer between stakeholders, and misunderstandings. It is thought that these
problems can be solved by using BIM systems. Within the scope of this study, it is aimed to
present a model that developing countries such as Turkey can use and supervise not only in the
project design phase or only in the implementation phase but also in all construction processes
of a building. Within the scope of the study, firstly the role and information flow of the building
inspection system in the project design processes will be modelled and then its integration with
the BIM system will be modelled. In modelling, data transfer between stakeholders will be
modelled with IDM (Information Delivery Manual) method and the content of the data to be
transferred with MVD (Model View Definition) method will be determined. As a result of the
study, the role and model of building inspections in the BIM integration process will be
determined. The study is unique in terms of a new process model integrated with BIM in which
the existing project approval process will be preserved.

Keywords: BIM, building inspection system, IDM, MVD, Turkish construction industry.

Introduction

Building inspection systems (BIS), which are part of the Turkish construction sector, involve a
multi-stakeholder process that requires the evaluation of different types of projects together.
However, using traditional methods, there are many problems in the process due to people, file
sharing and the lack of an established standardization.

Within the scope of this study, it is aimed to develop solutions by using Building Information
Modeling (BIM) processes to identify and solve the problems existing in the BIS in Turkey. In
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the international literature review conducted to identify the deficiencies in the BIS in Turkey,
it has been determined, that there are differences between the BIS systems implemented in
foreign countries and the building inspection system being implemented in Turkey. BIS vary
from country to country or according to the workflows adopted by local governments. Within
the scope of this study, a BIM model has been developed in accordance with the workflow
models of BIS in Turkey, which is one of the developing countries.

Developments related to (BIS) in Turkey have been experienced after natural disasters and the
devastating effects of these disasters (Demir, 2017). BIS processes currently used, After the
Constitutional Court annulled the Decree Law No. 595, a new era started with the Law No.
4708 on Law on Building Inspection (LoBIS) published in the Official Gazette on 13.07.2001
in order to close the gaps in the inspection system and to prevent the problems arising from the
deficiencies in the previously implemented systems (Erdal, 2022; Ozkan, 2005; Tasc1, 2017).
The purpose of the 4708 LoBIS is to ensure the safety of life and property and to ensure that
buildings are built in accordance with their projects and in accordance with certain standards.
In addition, it is to ensure the supervision of the projects during implementation through
building supervision organizations and to regulate the procedures and principles regarding
building supervision (Boysal, 2022; Dogan, 2013; Erdal, 2022; Giiles, 2019; Giincii, 2020;
Karahan, 2008; Karaoglu, 2011; Kural, 2015). With this law, it has been concluded that the
inspection system should be institutionalized. It is aimed to establish independent, experienced
organizations in order to effectively carry out the inspection of buildings from the project stage
to the end of the implementation phase from a single source (Erdal, 2022; Karaoglu, 2011).
With 4708 LoBIS, inspections are carried out at all stages from the design stage to the end of
the construction process. The examination and approval of the projects of the building, the
stages of obtaining the license of the approved projects and the process of identifying the
structures that do not comply with the license and taking the necessary actions are the way this
system works (Engin, 2022; Erdal, 2022; Karaoglu, 2011; Tasci, 2017).

In 2018, with the implementation of some changes made in LoBIS as of 01.01.2019, the
organization that will carry out the inspection works of the buildings started to be determined
electronically. Thus, instead of the building owners being able to do business with the
inspection institution of their choice, the works are distributed electronically through
the central system. However, these laws and regulations have not been sufficient to solve the
problems in BIS processes in the current situation. There are still problems arising from
individuals and institutions, file sharing and problems arising from incomplete or unclear data
in the file content. Within the scope of this study, it is proposed to develop an IDM method for
solving the problems existing in BIS processes with BIM processes.

Methodology

This study particularly focuses on the scale of the Turkish construction industry and aims to
develop a process integrated with BIM to solve problems experienced in BIS systems that are
actively involved in the Turkish construction industry. The research framework consists of three
successive stages: First, it aimed to identify the workflow processes currently in use. Then,
BIM-1DM modeling processes illustrating the data flow processes were prepared to assess the
data flow between individuals, organizations and stakeholders. Finally, an IDM model was
developed for BIS systems in the Turkish construction industry. This is a pilot study scenario.
The accuracy of the model is out of scope. The model can be improved and adjusted for future
studies.



BIS Process in Turkish Construction Industry

When starting to work on the preparation of concept projects, which is determined as the first
stage of the architectural project stages in the Turkish construction sector, the zoning status
(CAP) document and plan notes need to be obtained from the relevant municipality. The
prepared concept project is submitted to the approval of the employer and after the approval is
obtained, the preliminary project process begins. The preliminary project is the level before the
municipalities issue the license projects for building use. The request for the preliminary project
varies according to the municipalities. The diagram in Figure 1 is prepared according to the
status of the preliminary project. When starting the preliminary project;

Firstly, it is necessary to apply for official zoning status. The application is made with
the original title deed, CAP document and application sketch. There are two different
options in the official zoning status application. In the first one, the employer gives a
power of attorney to the employer's architect and the architect is authorized to collect
all the documents and apply to the relevant institutions. In the second, the employer
does all these works himself.

After the zoning status application is made, the preliminary project application starts to
be created. In this process, projects start to be detailed. Detailing is the processing of
many details that municipalities find necessary in license projects. For example:
drawing the plans exactly, making the precedent tables exactly, placing the elevations
and elevations exactly, making the 0.00 elevation, making other calculations, etc. The
application for the preliminary project is created together with the site plan of the
designed project.

Prior to the preliminary application, the elevation section (showing where the 0.00
elevation will be taken) and the direction survey (a sketch showing the distances of the
parcel and the dimensions of the building to be built, prepared in accordance with the
zoning status as a basis for the architectural project) must be taken. After the completion
of these documents, the official preliminary application is made.

During the preliminary application process, projects are examined by rapporteurs. If
minor corrections can be made, notes are made on the preliminary project. If there are
major changes contrary to the legislation, corrections are required. After the correction
of the detected changes, the project approval is obtained. In general, the channel project
worked by the mechanical team is submitted to the municipality and after approval, the
license projects can be started to be fully created. It should not be forgotten that within
the preliminary project processes, mechanical, static and electrical requirements are
shared with these disciplines and processed into projects by obtaining information from
them.

After receiving the approval of the preliminary project and channel project, license
projects are started to be created. The license project is the projects created for the
building to be completely formalized. These projects must be created in accordance with
the regulations. In the application for license projects, approved architectural
preliminary project, approved channel project, transformer approval, Energy Identity
Certificate (EIC), Building Information Form (BIF) document, commitment letter with
the project contractor, road participation certificate and excavation certificate are
required. In addition to these, drawings of license projects (architectural, static,
mechanical, electrical, ground survey) from all disciplines are required. Landscaping
and shoring projects vary according to municipalities.



- After the approval of the license projects (architectural, static, mechanical, electrical),
these projects are formalized and the final project phase begins. The employer,
contractor and architect decide which materials will be used. The reason for this is to
avoid problems when proceeding to the application project. Materials are determined as
a result of the joint work of the disciplines. After the decisions are made, the application
project starts to be drawn. The scope of the application projects may vary according to
the contracts made.

BIS covers the process from the permit project application to the completion of the
implementation phase of these processes. This process is quite complex and requires many
stakeholders to work together. To overcome these complexities of the process with BIM, this
study proposes a flexible IDM module that can be used, developed or upgraded.
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Figure 1: Architectural project phases.

IDM and MVD

Interdisciplinary project design in planning for construction processes needs to be managed
using a common data environment that can be used as a communication and communication
tool that can be used by every participant in the project as well as increasing transparency in
the planning process (Suse et al., 2022).

BuildingSMART has proposed Information Distribution Manuals (IDMs) to manage and assess
information sharing between stakeholders within BIM processes. In other words, an IDM
(NIBS, 2007; 1SO, 2010a) is a modelling language for the flow of information between people
and stakeholders. Knowledge sharing in construction processes is process-related because



knowledge needs are task or process specific (Venugopal et al., 2015). There is much research
in the literature to develop, model and redesign information systems for collaborative processes
(Jeon et al., 2021). One explanation for this is that structures and organizations are perceived
as unique in each project, which leads to the need to adapt processes and knowledge (Bengt et
al., 2011). Being aware of information needs and meeting the information needs of other
stakeholders can help in the development of information systems and improve collaboration in
general. The IDM can evolve into a legal agreement (NIBS, 2007) to foster digital cooperation
between multiple parties.

Around 200 IDMs have been developed by various organizations, including BuildingSMART
International (bSI) and the US General Services Administration. However, these IDM
documents are not shared as machine-readable data sets that can be easily modified and reused,
but as separate files such as Word or PDF documents. This is primarily attributed to the lack of
a generally accepted IDM data schema (Jeon et al., 2021). In addition, the literature emphasizes
the necessity of IDM and MDV models, but it is not clear with what kind of data they should
be built. IDM methods and models can often be tailored to the needs, size, industry and specific
requirements of organizations (Lee et al., 2013). Based on this, a new IDM model has been
developed taking into account BIS requirements and conditions. Meanwhile, Model View
Definition (MVD) is proposed to implement the information exchange requirements of the IDM
and to verify whether the derived information conforms to the standard (Xu et al., 2020). This
is a pilot study scenario. The accuracy of the model is out of scope. The model can be improved
and adjusted for future studies.

Figure 2 briefly illustrates the IDM and MVD processes. Accordingly, the elements represented
by times and identified by letters define programs, while the elements represented by circles
and numbers symbolize MVDs. This whole process defines the IDM. To summarize these
concepts, in an architectural project, MVDs define the file content while IDM defines the
overall process.

Letter: Software
Number: MYD

Figure 2: IDM and MVD process.

Findings

As can be seen in Figure 3, an IDM model has been developed for integrating the currently used
BIS systems into BIM-based processes. Accordingly, the process starts with an employer. In
the architectural project process, first the concept project is completed and then the preliminary
project is started. the use of BIM based programs in this process allows the project process to
be easily audited, evaluated and flexible design continuously. the architectural project is stored
in the BIM cloud as exchange data in a format that can be read and updated by BIM based
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programs. The civil engineer then evaluates this file and the static projects are completed. The
completed file is stored in a single file with the architectural file in a file format that can be read
and evaluated by other stakeholders. Then the electrical and mechanical engineer on the same
file format prepares electrical and mechanical projects. The exchange data seen here are files
with special BIM-based extensions that allow stakeholders' work to be seen and evaluated by
other stakeholders, while preventing projects from being changed. In this way, projects can be
prepared on a single file without the need for file sharing. Since there is no file sharing, updates,
conflicts and stakeholder work on the project can be tracked on a single file and a much more
accurate project design process is completed compared to traditional methods. After the
architectural project process is completed, the application phase is started. When the process is
carried out by using BIM-based programs in the application phase, a suitable application phase
is completed without going beyond the prepared project.
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The building supervision system, on the other hand, is actively involved in both project design
and implementation. In the IDM model proposal, the digital application of the employer or
architect to the National Building Inspection System (NBIS) is the same as the current situation.
Assignments are made from random building inspection companies from the NBIS system. The
stakeholder assigned in the model is designed in such a way that they can access, access, and
monitor the change files, but cannot change them. In this way, it can evaluate whether the works
carried out both in the project design and implementation phase are in accordance with the
project through a single file. In this way, all project and application processes can be followed
digitally through a single file, data loss can be prevented and errors caused by people can be
detected in advance. Because all stakeholders work on a single file, no changes will be needed
during the implementation phase.

Conclusion

Within the scope of this study, an IDM model is proposed for the integration of the BIS system,
which is actively involved in the Turkish construction industry, with BIM-based programs. The
proposed model allows all stakeholders to work on a single platform and covers both design
and implementation processes. This model minimizes errors caused by people. One of the main
reasons for this is that since all stakeholders work from a single file during the project design
phase, they can foresee conflicts and incompatibilities that may occur in architectural, static,
mechanical and electrical projects. In addition, although the stakeholders work in a single file,
thanks to the exchange file format, no stakeholder can interfere with the work of another
stakeholder.

The prepared model has a workflow process compatible with the currently used building
inspection system. A workflow model that users can easily adapt to has been prepared. This
prepared IDM model is open to development and serves as a basis. And it is unique because
there has been no previous work on BIM integration of building inspection systems. The
prepared IDM model may vary from company to company.
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Abstract

This study addresses the advantages and challenges of using Building Information Modeling
(BIM) for effective completion of Mechanical, Electrical, and Plumbing (MEP) processes in
the Early Design Phase of construction projects. The main focus is how MEP processes can
be better integrated using BIM in the early design phase and its contribution in terms of
cost, quality, and time. The study involves a literature review on contracts, regulations, and
workflows, and includes studies on cases in the industry based on interviews. Based on this,
the operation of MEP processes in the early design phase was determined, and the workflow
diagram was redesigned. As a result, the study presents the reasons for losses in design,
construction, and operational costs, time, and quality due to inadequate planning of MEP
processes in the early design phase of BIM-enabled projects, supported by case studies.
Recommendations are made based on the redesigned workflow diagram to address these
issues.

Keywords: BIM, early design phase, MEP.

Introduction

In today's construction industry, Building Information Modeling (BIM) technology has
revolutionized the field, especially in Mechanical, Electrical, and Plumbing (MEP)
engineering areas. This technology plays a significant role in structural and MEP
engineering. MEP coordination is an interdisciplinary practice that requires collaboration
among the three main areas of construction: architecture, structure, and mechanical systems.
These systems are among the most expensive parts of construction costs, with MEP costs
constituting 40% to 60% of total building expenses. Therefore, MEP coordination is crucial
throughout the project lifecycle to ensure proper integration of different systems (Hood,
2023; Chiu, 2020).
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For complex buildings and light manufacturing facilities, coordinating MEP systems is a
significant challenge. It involves detailed positioning and configuration of HVAC, electrical,
process piping, fire protection, and other systems. Limitations in current projects include
restricted building space, increasing complexity of all building systems, and limited
engineering budgets and installation schedules for MEP systems. Combined with the increasing
pressures for better, faster, and cheaper projects, these constraints highlight the necessity of
advanced workflows in MEP coordination (Tatum, 2000; Korman, 2006).

The accelerated completion of recent construction projects presents unique challenges for MEP
coordination. Shortened project timelines mean insufficient time for MEP contractors, requiring
quick decision-making and adaptability during design and installation stages. Projects often
face reduced design budgets, mandating the delivery of high-quality work at lower costs. This
situation necessitates MEP contractors to work more efficiently with limited resources while
increasing the need for detailed planning and coordination to prevent potential errors and
conflicts during design and construction. Particularly for tight and complex MEP systems,
accelerated timelines and tight budgets create additional challenges in the integration and
alignment of systems, making the successful completion of projects more complex.

In BIM projects, especially in MEP design, significant advantages are offered in the pre-design
phase. These include improved conflict detection, better integrated system designs, and detailed
visualizations. However, BIM applications often stop or continue in a limited manner before
the construction phase. This results from a lack of integration between design and construction
processes. Deviations between structures and MEP layouts can occur during the transition from
design to actual construction. These deviations may arise from unexpected site conditions,
material changes, or other construction challenges. If the BIM model is not updated and
integrated with real-time site information during the construction phase, discrepancies can
occur between the designed MEP layout and the actual built structure, leading to issues that
may require on-site adjustments or redesign of MEP systems (Wang, 2016).

This study critically examines the role of contracts, regulations, and workflows in MEP
processes during the pre-design phase of projects using BIM, highlighting the advantages and
disadvantages of completing MEP processes at this stage.

Previous Studies on MEP Processes and Cost Impacts in Early Design
Phase: A Comprehensive Review

This study critically examines the role of contracts, regulations, and workflows in Mechanical,
Electrical, and Plumbing (MEP) processes during the pre-design phase of projects using
Building Information Modeling (BIM). Construction industry professionals have indicated that
MEP coordination is one of the most challenging tasks encountered in the delivery process of
construction projects (Korman, 2008). The construction and maintenance costs of MEP systems
constitute a significant portion of total costs, making the effective tracking and management of
spatial changes of great importance (Han, 2012).

The coordination of MEP systems is a fundamental challenge for complex buildings due to the
requirements of project participants in design coordination and the extensive exchange of
information (Tatum, 2000). Moreover, due to participants' limited budgets and schedules and
emerging technical issues, this process often slows down the delivery of projects. Defining
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responsibilities and distributing risks in BIM is a significant challenge. There can be
inconsistencies in the assembly sequence given to the contractor, leading to incompatibility
with the BIM model, despite the need for MEP and Architectural groups to work in harmony
within the BIM environment (Hamdi, 2014).

In the early design phase, it is important to define the file formats to be used by subcontractors.
Projects implementing BIM, like the Sprint Center Arena project, have faced implementation
challenges due to weak contractual agreements. The contract failed to clearly define the open
file format for digital data received by subcontractors, leading to the emergence of numerous
proprietary CAD and other file formats used in design and construction (Foster, 2008).

The integration provided by BIM for MEP contractors allows projects to be completed more
effectively and efficiently, contributing to better management in terms of cost and time
(Langstaff, 2018). Traditionally, in projects conducted with BIM, MEP networks are often
represented as layout designs. However, this approach can cause problems in large and complex
facilities.

Especially in complex MEP systems, engineering teams are turning to software that facilitates
coordination. BIM is a digital design and documentation system used to optimize design and
construction processes, enhancing interdisciplinary coordination and efficiency in complex
building projects. (Kermanshahi, 2020) The main task of the BIM Manager is to detail the BIM
Execution Plan (BEP) and present it for consultation to all team members in the project
(Abotaleb, 2020).

The focus of this study is on how BIM affects MEP processes in the pre-design phase and the
balance between the advantages and disadvantages of completing MEP processes at this stage.
Given the complexity of MEP systems and their critical role in projects, the impact of BIM in
managing these processes plays a significant role in the success of construction projects.

For the integrated implementation of the MEP layout from the pre-design to the construction
phase, a practical BIM framework has been developed. This framework categorizes MEP
design models in BIM projects into 5 detail levels, providing modeling appropriate to the needs
of each stage. These levels are 3D MEP Preliminary Design Model, 3D MEP Detailed Design
Model, 3D MEP Construction Design Model, 3D MEP Construction Model, and 3D MEP
Prefabrication Model. This distinction allows for more effective coordination of MEP systems
at each stage (Wang, 2016).

In compressed construction schedules, it may not be possible for all stakeholders to model in
sequence. In such cases, MEP subcontractors develop models simultaneously, but
communication and coordination challenges arise due to each model being in the development
stage. Once all models are complete, inter-model clashes can be checked. However, emerging
clashes can render even well-conceived systems faulty. In this case, MEP subcontractors need
to come together to clean up all clashes, update their models, and repeat clash analyses (Lee,
2014).

In sequential stepwise coordination, HVAC systems and pipe systems for Water-based HVAC
systems are addressed first. After these systems are completed, they are handed over to the
relevant MEP subcontractors. The modeling process involves three main elements: Outside to
inside, large to small, and hard to soft. In the outside to inside approach, structural systems are
finalized after architectural design, followed by MEP designs. In the large to small approach,
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elements taking up more space are prioritized. In the hard to soft approach, special measures
are taken to prevent hard clashes, as resolving them on-site is more challenging (Lee, 2014).

The integration of MEP services within BIM, especially in terms of placing pipes and ducts in
limited ceiling spaces, is a technically challenging process. This coordination effort can take up
more than half of the project process and requires a high investment in terms of time.
Additionally, reprocessing of MEP systems and the risk of cost overruns can lead to higher
costs relative to the total building cost (Teo, 2022).

The examination and dissection of workflow diagrams, focusing on the role of each component
within the overall process, is crucial for effective project management in BIM-based MEP
design. This is particularly evident in BIM projects, where traditional workflow diagrams are
often inadequate in the initial design phases. A more holistic approach that integrates
architectural, structural, and mechanical aspects is necessary. Such an approach is vital to
ensure that the impact of mechanical decisions on architectural components is not overlooked
(Partl, 2019).

The Importance of BIM-Based MEP Coordination in the Early Design
Stage: A Case Study on a Multi-Functional Office Project in Moscow

The case study examined in the interviews focuses on a multi-functional office project in
Moscow, Russia, conducted by a Turkish construction company. The research explores the
coordination processes of mechanical and electrical systems implemented in the project. A
notable feature of the project is the presence of mechanical floors in both the basement and the
rooftop levels, necessitating the organization of electrical and mechanical teams into two
separate groups.

Located in the Gagarinsky District near the Moscow River, this office building project in
Moscow is strategically positioned close to some of the city's leading research institutions and
the company's first office. The project encompasses a total construction area of 262,000 mz,
with 161,000 m2 over 15 above-ground levels, 98,000 m2 across 5 underground levels, and
3,000 m? of outdoor terraces.

This new office building will provide employees with a healthy and sustainable environment
for both work and leisure. It includes approximately 110,000 m2 of office space and a parking
area of 47,000 m?, accommodating 1,630 parking bays within a multi-level parking system. The
building is designed as a single complex comprising three multi-height wings, with the tallest
reaching up to 75 meters, linked by a skylighted central hub.

Effective management of the coordination process ensured that the design phases proceeded
systematically, and the construction process continued smoothly. The progress of a complex
and challenging project was monitored monthly based on the BIM protocol through federation
and coordination models. The federation model was published to the employer monthly, while
the coordination models were communicated to all stakeholders on a weekly basis both on a
floor basis and on a regional basis via the Common Data Environment (CDE), making
coordination meetings more efficient. Project follow-up in accordance with international
standards was carried out in accordance with BIM standards. In addition, interdisciplinary work
schedules were organized to minimize manpower loss and ensure uninterrupted progress of the
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construction process. Through the BIM methodology of the client, all disciplines actively
participated in the publication and coordination process.

The workflow redesigned initiated with parallel coordination techniques in the basement floors
while adopting sequential, step-by-step coordination for the rooftop floors. This bifurcated
approach facilitated meticulous planning and coordination across various construction phases,
ensuring that both MEP teams—operating in distinctly separate spaces—could efficiently align
their efforts. By adopting this structured workflow, the project efficiently managed to mitigate
potential conflicts and streamline the integration of mechanical and electrical systems,
underscoring the effectiveness of combining parallel and sequential coordination strategies in
BIM-enabled environments. In discussing our redesigned workflow, we reference Lu's standard
BIM workflow purely as a comparative baseline, illustrating how our tailored approach builds
upon and diverges from established practices. This model provides a robust framework for other
complex projects by demonstrating how strategic planning and phased coordination can
significantly enhance overall project execution and outcomes. In the project, parallel
coordination techniques were applied in the basement floors, while sequential step-by-step
coordination was used in the rooftop floors. Both approaches required extensive planning and
coordination encompassing both basement and rooftop levels. Particularly, the coordination
between the two different mechanical teams involved determining shaft locations for the
integration of upper and lower mechanical systems. This situation led to the project being
viewed as an intersection of both parallel and sequential step-by-step coordination.

In the case study of a pharmaceutical building, two distinct MEP design coordination strategies
were implemented, showcasing the effectiveness of parallel versus sequential cascading
coordination. The project employed two MEP coordinators, each managing different zones of
the building with similar complexity and MEP density. Coordinator A employed a parallel
coordination strategy, orchestrating MEP designs concurrently across all trades, which resulted
in a lengthy and complex coordination process. Conversely, Coordinator B adopted a sequential
cascading strategy, managing MEP designs step-by-step, which proved significantly more
efficient, reducing coordination time by a factor of three compared to the parallel strategy. This
sequential approach minimized initial clash detections by methodically integrating each
system's requirements before proceeding to the next, thus streamlining the resolution process
during coordination meetings.

One of the key elements in the project is the design of large-scale ventilation ducts, focusing
on both facade exits and distribution points from the shaft. In determining the mechanical
design, the floor heights and reservation sizes on structural elements played a significant role.
Specifically, the location and dimensions of reservations to be made on steel beams were
determined in coordination with the manufacturing company before starting production
drawings.

After the channel placement among mechanical systems, the positioning of gravity-directed
water pipes was considered, defining the boundaries of other systems. Additionally, the
placement of systems into suspended ceiling heights and raised floors was a part of the project.
In terms of fire extinguishing systems, the placement of fire cabinets and the positioning of
sprinkler main lines were especially important in the project. The layout of these systems was
a critical component of the project in terms of overall safety and functionality.

The project serves as an excellent example of integrating these two approaches and analyzing
the efficiency of coordination processes and the quality of information flow. Parallel
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coordination involved other stakeholders starting the modeling process simultaneously, while
sequential step-by-step coordination started with HVAC systems and progressed step by step.
Both approaches had significant impacts on the process and outcomes of the project.

The parallel coordination approach in the project represented a situation where all stakeholders
do not model sequentially in a compressed construction schedule, while sequential step-by-step
coordination started with prioritizing HVAC and piping systems, later passing these models to
other MEP subcontractors. The integration of these two methods played a critical role in
reducing design errors at the start of the project and preventing these errors from leading to
significant economic losses later. The combination of these approaches helped reduce
information distortions and misunderstandings, facilitating more effective coordination and
communication throughout the project process.
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Figure 1: Traditional BIM — based process (Lu, 2018).

This case study highlights the importance of BIM-based MEP coordination in modern and
complex building projects and the necessity of developing effective design coordination
strategies. How the project combined these approaches and the contributions its results have
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made to the industry serve as an important example for better understanding, measuring, and
predicting the performance of MEP coordination.
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Figure 2: BIM based MEP layout design (Wang, 2016).

Conclusions

The article emphasizes the importance of BIM-based MEP coordination in modern and
complex building projects, highlighting the need for effective design coordination strategies in
the early design phase. It showcases a case study of a multifunctional office project in Moscow,
demonstrating how the integration of parallel and sequential coordination approaches enhances
the efficiency of coordination processes and the quality of information flow. The study
underlines the role of BIM in reducing design errors, preventing economic losses, and
improving coordination and communication in projects, illustrating the significance and
benefits of BIM in MEP coordination of complex construction projects.
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Abstract

It is known that BIM has many advantages in the construction sector, but various problems are
encountered in the transition of developing countries to BIM (Building Information Modeling)
processes. Considering the positive impacts of BIM in the construction sector in developed
countries, there is perceived resistance to the adoption of this method in Turkey, and the
reasons for this resistance are being investigated. This study aims to identify the barriers to the
widespread adoption of BIM in Turkey and determine their levels of significance. In the study,
112 number of articles have been reviewed by systematic literature review and the obstacles in
the process of transition to BIM in the literature have been identified. Then to determine the
prioritized importance of these factors by Analytic Hierarchy Process (AHP) method and to
provide strategic solutions for a more effective adoption of BIM in the sector. The study is
important in terms of determining the obstacles encountered during the transition to the BIM
system according to their importance and developing solutions according to the order of
importance. It is thought that this study will contribute to the dissemination of effective BIM
applications in the construction sector by identifying the obstacles in the process of transition
to BIM in Turkey and developing strategies for their solution.

Keywords: adoption strategies, Analytic Hierarchy Process, barriers of BIM transition,
Building Information Modeling (BIM), construction sector, level of significance.

Introduction

The construction sector is a fundamental factor for a country's economic growth and urban
transformation. This sector is constantly transforming and renewing with the impact of
technological developments. One of the most important tools of this transformation is the digital
design and construction management process called Building Information Modeling (BIM).
BIM refers to a comprehensive approach to integrate, share and manage information throughout
the project lifecycle. Turkey shows a significant development in the construction sector with
dynamics such as rapid economic growth and urban transformation. However, when BIM is
evaluated on a global basis in comparison with other developed countries, it can be stated that
Turkey is at the beginning stage (Erdik et al., 2020; Tan, 2021). It is thought that there is
resistance to the use of BIM in Turkey and as a result of the researches conducted, it is
determined that it is not widely adopted by many companies in Turkey (Naml et al., 2019).
This situation indicates that the potential in the sector is not fully utilized and important
opportunities are missed in terms of efficiency. Although the barriers to BIM utilization have
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been tried to be identified in national and international literature studies, no study has been
found on the importance of these barriers in Turkey. In this context, it is of great importance to
identify the factors that prevent the widespread use of BIM in Turkey and to offer solutions.
Within the scope of this study, it is aimed to identify the barriers to the widespread use of BIM
in Turkey and to determine the importance of these barriers. According to the literature
research, it has been concluded that most organizations in Turkey are not sufficiently informed
about the benefits of the BIM system, the system is not used as much as necessary, and it is not
widely used due to many variables such as these (Akkaya, 2012; Kivircik, 2016; Oktem, 2016;
Karatas, 2018; Ademci, 2018; Elmali, 2018; Inusah, 2018; Saricicek, 2019). Factors affecting
adaptation to technological developments in the construction process are influenced by many
parameters such as socio-economic characteristics, political support, educational structure,
construction culture. These effects vary from country to country. For this reason, investigating
the obstacles in the BIM transition process in Turkey makes the study unique.

Methodology

This study specifically focuses on the resistance to the use of BIM in the Turkish construction
industry. The research framework is structured in three successive phases: first, the advantages
of BIM processes will be presented and the importance of the transition will be demonstrated.
Then, a systematic literature review will be conducted to identify potential barriers that will
form the basis for the questions in the questionnaire. The third stage involves the AHP method
to identify the importance of BIM barriers. This study, prepared with the AHP method, is a pilot
study. The questionnaire was conducted for 10 expert academicians who are engaged in BIM
applications and research. Survey results were evaluated, and consistency indices were
analysed. Out of 10 studies, only 3 studies were found to be consistent. The final importance
indices were presented by averaging the consistent data.

Building Information Modelling

BIM (Building Information Modeling) is a revolutionary process in the construction industry.
The positive effects of BIM use in developed countries include improved project completion
times, increased cost savings, improved quality control and opportunities for interdisciplinary
collaboration. It is a growing approach to integrating different disciplines and a collaborative
process of all project parties, optimizing project value by increasing efficiency in all project
phases. By involving all project parties and encouraging them to concentrate on the project
outcome, it brings all project parties together as a team and prioritizes common goals (Rokooei,
2015). BIM also supports the concept of integrated project delivery, a new project delivery
approach to integrate people, systems, business structures and practices into a common process
to reduce waste and optimize efficiency in all phases of the project lifecycle (Glick &
Guggemaos, 2009).

The prevalence of BIM is steadily increasing in various sectors worldwide. Research shows
that BIM has become a common language in the construction industry and there is significant
growth in its application in infrastructure projects (Andreea, 2022; Giel & Issa, 2013). This is
attributed to the numerous benefits that BIM provides, such as improved collaboration, reduced
cost and time, enhanced project visualization and better project efficiency. The worldwide BIM
industry is expected to grow at a CAGR of 14.9% from 2018 to 2023, driven by government
mandates on project efficiency and cost reduction (Andreea, 2022). Considering that the Turkey
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construction industry continues to develop rapidly technologically in line with these
developments in the world, it can be predicted that the importance of BIM will continue to
increase and will continue to play an important role in the future of the construction industry in
Turkey. Considering all these, BIM emerges as a necessity in the Turkish construction industry
(Aladag et al., 2016). However, the general trend of the construction industry in Turkey is that
the adoption of BIM will continue to increase.

Systematic Literature Review on the Barriers to BIM Adoption

A Systematic Literature Review (SLR) has been used in the study to determine the obstacles to
the adoption of BIM. The SLR technique seeks to locate pertinent studies, assess them critically,
and gather and process data from these studies (Liberati et al., 2009). According to this
methodology, an SLR was used in this study to methodically gather information on the
obstacles to the implementation of BIM in the Turkish construction sector from an open and
critical standpoint (Macpherson & Jones, 2010). The SLR method utilized the Web of Science
(WoS) database as the database. The protocol used to search (Yu et al., 2022) is summarized as
follows: (ALL AREAS) "BIM Implementation” OR "Building Information Modeling
Implementation" AND "Barriers" OR "challenges" OR "obstacles" AND “Success Factor”
NOT “infrastructure”. The initial results of the search, which had a span of 2000 to 2023,
included 2796 publications. Subsequently, precise inclusion and exclusion standards have
implemented throughout the screening stage. In this particular context, the 2684 questionnaire
and all obtained documents were examined. In the conclusion, 112 articles have been selected
to act as the foundation for the survey questions. As a result of the systematic literature review,
32 barriers were identified and grouped under sub-headings. Sub-headings were then organized
under 7 main headings (Figurel).
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Figure 1: Barriers to BIM adoption.

Analyzing the Data

AHP is a mathematically based method that responds to the selection problem for more than
two options among multi-criteria decision-making methods. This method, developed by
Thomas L. Saaty to solve multi-criteria problems, is applied by ranking the criteria and sub-
criteria that the decision maker has determined for the options according to their own order of
importance, and then ranking the available options according to Saaty's 1-9 scale (Figure 2) and
prioritizing them in the order of criteria. AHP, which is a widely used method in multiple
decision making, is a measurement method applied with the help of measurable criteria and
mathematical operations. Knowledge and experience are as important as data for the decision
maker to select the criteria well and to create a hierarchy in line with those criteria. The success
of this method comes from its ability to be applied in simple and different conditions (Tombus
& Ozulu, 2007; Demiroglu, 2020).

Scale Description

The two driving factors have the same importance

1
3 One driving factor is slightly more important than the other one
5 One driving factor is obviously more important than the other one
7 One driving factor is strongly more important than the other one
9 One driving factor is extremely more important than the other one
2,4,6,8 The importance between each of the above two scales
Note: The comparison between driving factor i and j is a;;, then comparison between driving factor jand iis aj;.

Figure 2: Assessment scales of each driving factor.

When using this analysis method, pairwise comparisons are made on a matrix. Since the
diagonal values for the comparison matrix created will give the comparison of the criteria with
itself, they have equal importance, i.e., the numerical value should be 1. Since the result of the
pairwise comparison and the criteria compared pairwise and the values given to them from 1 to
9 are under the control of the decision maker, the result in the factors should be consistent. In
order to measure whether this consistency exists, a validation method is proposed. Consistency
ratio (CR) is used to test the consistency of the factors (Figure 3).
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Figure 3: Overview of the weighted supermatrix.
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Findings

The results of the AHP analysis are shown in Table 1 in the study, the internal consistency of
the AHP analysis results was evaluated. Each main heading was evaluated within itself.
Accordingly, the consistency index for "A: Infrastructure And Technological Barriers" was CR:
0.068, "B: Barriers Related To Culture And Education” parameter CR: 0.083, "C: Standards
And Legal Barriers™ parameter CR: 0.078, "D: Process And Financial Barriers" parameter CR:
0.012, "E : Data Loss And Security Barriers" parameter CR: 0.028", F: Barriers To Incentives
And Demands" parameter CR: 0.095, "G: G: Barriers To Change Reluctance” parameter CR:
0.091. According to the AHP analysis, a CR value less than 0.1 indicates that the survey result
is consistent.

Table 1. Identification and ranking of severity for BIM barriers.

Headings Barriers to BIM Adoption Eigenvector Severity Rank CR
(%)
— AO01: Inadequate hardware and 0.337 8.32 3
g2 infrastructure problems
) g A02: Lack of technical knowledge 2.578 59.27 1
= 0.068
= % AO03: License Issue 0.178 4.40 4
8 S
“'_E g A04: Software issues in the transition 1.202 28.02 2
g E from traditional processes to BIM
processes
BO01: The idea that BIM training is 1.307 23.43 2
25 incomplete and insufficient
28 B02: Lack of experience in BIM 0.686 13.18 3
= 3 implementation 0.083
¢y BO3: Resistance to cultural change 3.136 53.33 1
v C
[«5)
% é B04: Lack of qualified trainers 0.335 6.65 4
m =
@3 BO5: BIM is perceived as complex/ 0.175 3.39 5
difficult by people
CO1: Risks arising from contractual 0.280 4.60 5
o~ uncertainties for BIM processes
E CO02: Lack of government regulation, 2.958 42.58 1
g standards and BIM regulation
= CO03: Lack of drawing and modeling 0.540 8.68 4
S and quality control standards
3 CO04: Lack of legal provisions for the 0.991 15.00 3 0078
Z protection of BIM data ownership
g CO05: Incompatibility of BIM working 1.842 26.58 2
§ procedures with traditional procedures
= (organizational arrangements) and
n immaturity
O CO06: Insurance provisions applicable to 0.156 2.52 6
BIM are unclear
» «  DOL: Costissues (extra investment in 1.469 48.66 1
5 &= 2 _ using BIM)
g < I% DO02: High initial investment costs for 1.313 43.53 2 0.012
BIM.
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DO03: Evaluating staff training 0.235 7.82 3
expenditures as additional expenditure
and waste of time

EO1: Data Security intellectual property 0.205 5.07 4
= concerns
<2 E02: Constraints in BIM information 1.053 25.56 2 0.028
2 s exchange
i > E03: Potential problems that 2.386 57.64 1
g = engineering data may encounter in BIM
~ 2 integration
w E04: Fear/risks of data loss during file 0.407 11.72 3
transfer
FO1: Lack of top management 1.807 30.77 2
o o encouragement and support
= oo © F02: Insufficient external motivation 0.306 5.98 4
s 2 g (lack of customer demand, etc.) 0.095
= § a FO3: Lack of support from politicians 0.687 12.97
E = -<gt F04: BIM Advantages have not been 2.737 47.21 1
observed concretely
FO5: Interoperability barriers 0.156 3.04 5
GO01: Resistance to changing ways of 1.415 25.34 2
° thinking
=2 G02: Competitive initiatives and 0.645 12.23 3
‘;L'; ° employee resistance
o< GO03: Resistance and prejudice against 3.215 53.51 1 0091
E S new technologies
2 E GO04: Insufficient understanding of BIM 0.163 3.19 5
3 technology
R GO5: Not being in a competitive 0.289 5.70 4

construction environment, not seeing
the need for change

e According to the AHP analysis results, the most important factor under the heading "A:
A: Infrastructure and Technological Barriers" is "A02: Lack of technical knowledge".

e The most important factor under the heading "B: Barriers Related to Culture and
Education”, the most important factor is "B03: Resistance to cultural change".

e The most important factor under the heading "C: Standards and Legal Barriers "', the most
important factor is "C02: Lack of government regulation, standards and BIM regulation".

e The most important factor under the heading "D: Process and Financial Barriers", the most
important factor is "D01: Cost issues (extra investment in using BIM)".

e The most important factor under the heading "E: Data Loss And Security Barriers™, the
most important factor is” E03: Potential problems that engineering data may encounter
in BIM integration ".

e The most important factor under the heading "F: Barriers to Incentives and Demands”, the
most important factor is "F04: BIM Advantages have not been observed concretely”.

e The most important factor under the heading "G: Barriers to Change Reluctance", the most
important factor is "G03: Resistance and prejudice against new technologies".

Conclusion

This research aimed to identify and evaluate the factors that accelerate the transition to BIM in
the Turkish construction industry. Through a systematic literature review, the factors affecting
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the BIM transition processes were identified. In the study, obstacles in the transition to BIM
processes using SLR were identified. Then, the importance levels of these obstacles detected
using the AHP method were determined. The results show that the obstacles to the transition to
BIM processes in the Turkish construction industry are quite different and complex and include
various factors such as "lack of technical knowledge, related to culture and education, standards
and legal, process and financial barriers, data loss and security, incentives and demands, and
reluctance, etc.” when the factors under these headings are examined, important difficulties can
be seen as "lack of technical knowledge, resistance to cultural change, lack of government
regulation, standards and BIM regulation, cost issues (extra investment in using BIM)",
potential problems that engineering data may it has been determined that "encounter in BIM
integration, BIM advantages have not been observed concretely, resistance and prejudice
against new technologies".

When the construction systems of developed countries are examined, it is seen that BIM
processes are actively used. Within the scope of the study, the advantages of BIM in the project
and construction stages are also revealed. It is obvious that the transition to BIM processes will
have many advantages for the construction industry in Turkey, which is one of the developing
countries. It is necessary to develop solution suggestions according to the severity of the
obstacles that may occur in BIM processes. Effectively addressing these critical obstacles is
important in removing obstacles to BIM transition processes in the construction industry.
Factors affecting adaptation to technological developments in the construction process are
influenced by many parameters such as socio-economic characteristics, political support,
educational structure, construction culture. These effects vary from country to country. For this
reason, investigating the obstacles in the BIM transition process in Turkey makes the study
unique.

In conclusion, the information obtained from this study provides valuable perspectives on
formulating the barriers to transitioning BIM processes in the Turkish construction industry.
By overcoming these obstacles, the industry can move towards a more efficient construction
management process.

References

Ademci, M. E. (2018). An analysis of BIM adoption in Turkish architectural, engineering and
construction (AEC) industry. [Master thesis]. Mimar Sinan Fine Arts University.

Akal, A. Y., Kineber, A. F., & Mohandes, S. R. (2022). A phase-based roadmap for
proliferating BIM within the construction sector using DEMATEL technique: perspectives
from Egyptian practitioners. Buildings, 12(11), 1805.

Akkaya, D. (2012). Insaat sektoriinde yapr bilgi modellemesi hakkinda inceleme [Master
thesis]. Yildiz Technical University.

Aladag, H., Demirdogen, G., & Isik, Z. (2016). Building information modeling (BIM) use in
Turkish construction industry. Procedia Engineering, 161, 174-179.

Alkan, R. M., Murat Ozulu, 1., il¢i, V., Engin Tombus, F., & Sahin, M. (2017). Usability of

GNSS technique for cadastral surveying. Cadastre: Geo-Information Innovations in Land
Administration, 77-91.

24



Alwisy, A., Bu Hamdan, S., Barkokebas, B., Bouferguene, A., & Al-Hussein, M. (2019). A
BIM-based automation of design and drafting for manufacturing of wood panels for modular
residential buildings. International Journal of Construction Management, 19(3), 187-205.

Andreea, G. (2022). Building information modelling (BIM) and engineering evolution in a
digital world. Proceedings of International Scientific Conference ERAZ: Knowledge Based
Sustainable Development, pp. 153-161.

Azhar, S., Khalfan, M., & Magsood, T. (2012). Building information modeling (BIM): now and
beyond. Australasian Journal of Construction Economics and Building, 12(4), 15-28.

Ben Mahmoud, B., Lehoux, N., Blanchet, P., & Cloutier, C. (2022). Barriers, strategies, and
best practices for BIM adoption in Quebec prefabrication small and medium-sized enterprises
(SMEs). Buildings, 12(4), 390.

Bosch-Sijtsema, P., Isaksson, A., Lennartsson, M., & Linderoth, H. C. (2017). Barriers and
facilitators for BIM use among Swedish medium-sized contractors-“We wait until someone
tells us to use it”. Visualization in Engineering, 5, 1-12.

Calitz, S., & Wium, J. A. (2022). A proposal to facilitate BIM implementation across the South
African construction industry. Journal of the South African Institution of Civil Engineering,
64(4), 29-37.

Charef, R., Emmitt, S., Alaka, H., & Fouchal, F. (2019). Building information modelling
adoption in the European Union: an overview. Journal of Building Engineering, 25, 100777.

Charlson, J., & Dimka, N. (2021). Design, manufacture and construct procurement model for
volumetric offsite manufacturing in the UK housing sector. Construction innovation, 21(4),
800-817.

Chen, Y., Cai, X., Li, J.,, Lin, P., Song, H., Liu, G., & Ma, X. (2023). The values and barriers
of BIM implementation combination evaluation based on stakeholder theory: a study in
China. Engineering, Construction and Architectural Management, 30(7), 2814-2836.

Demiroglu, B. (2020). Ankara polatli bélgesindeki kirsal yerlesim yerlerinin olusum ve gelisim
analizi [PhD thesis]. Konya Technical University.

Durdyev, S., Ashour, M., Connelly, S., & Mahdiyar, A. (2022). Barriers to the implementation

of Building Information Modelling (BIM) for facility management. Journal of Building
Engineering, 46, 103736.

Elmali, O. (2018). Tiirkive'de yapi bilgi modellemesi (BIM) farkindaligimn ve hukuki
zorunlulugunun arastirilmas: [Master thesis]. Erciyes University.

Erdik, M., & Tiliibag Gokug, Y. (2020). Tirk yap: sektérinde yapr bilgi modellemesinin
adaptasyonu. Balikesir Universitesi Fen Bilimleri Enstitiisii Dergisi, 22(1), 159-171.

Giel, B., & Issa, R. R. (2013). Quality and maturity of BIM implementation in the AECO
industry. Applied Mechanics and Materials, 438, 1621-1627.

25



Gharaibeh, L., Matarneh, S. T., Eriksson, K., & Lantz, B. (2022). An empirical analysis of
barriers to building information modelling (BIM) implementation in wood construction
projects: evidence from the Swedish context. Buildings, 12(8), 1067.

Glick, S., & Guggemos, A. (2009). IPD and BIM: benefits and opportunities for regulatory
agencies. Proceedings of 45th Associated Schools of Construction National Conference.

Hussain, M., Memon, A. H., & Bachayo, A. (2022). Building information modeling in
construction industry of Pakistan: merits, demerits and barriers. Journal of Applied Engineering
Sciences, 12(1), 43-46.

Hyarat, E., Hyarat, T., & Al Kuisi, M. (2022). Barriers to the implementation of building
information modeling among Jordanian AEC companies. Buildings, 12(2), 150.

Inusah, Y. (2018). Turk insaat sektoriinde yapi bilgi modellemesi (YBM) uygulamalarinin
yayginligr ve uygulamalardaki basari diizeyleri tizerine bir inceleme [Master thesis]. Akdeniz
University.

Jin, Z., Gambatese, J., Liu, D., & Dharmapalan, V. (2019). Using 4D BIM to assess construction
risks during the design phase. Engineering, Construction and  Architectural
Management, 26(11), 2637-2654.

Karatas, I. (2018). Damismanlik hizmetlerinde yapi bilgi modelleme (Building Information
Modeling-BIM) sisteminin uygulanabilirliginin incelenmesi [Master thesis]. Osmaniye Korkut
Ata University.

Khurshid, K., Danish, A., Salim, M. U., Bayram, M., Ozbakkaloglu, T., & Mosaberpanah, M.
A. (2023). An in-depth survey demystifying the Internet of Things (lIoT) in the construction
industry: unfolding new dimensions. Sustainability, 15(2), 1275.

Kavireik, 1. (2016). An investigation into the building information modeling applications in the
construction project management [Master thesis]. Istanbul Technical University.

Kim, K. P., Freda, R., & Nguyen, T. H. D. (2020). Building information modelling feasibility
study for building surveying. Sustainability, 12(11), 4791.

Kineber, A. F., Massoud, M. M., Hamed, M. M., Alhammadi, Y., & Al-Mhdawi, M. K. S.
(2023). Impact of overcoming BIM implementation barriers on sustainable building project
success: a PLS-SEM approach. Buildings, 13(1), 178.

Kocakaya, M. N., Namli, E., & Isikdag, U. (2019). Building information management (BIM),
a new approach to project management. Journal of Sustainable Construction Materials and
Technologies, 4(1), 323-332.

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Ggtzsche, P. C., loannidis, J. P., & Moher,
D. (2009). The PRISMA statement for reporting systematic reviews and meta-analyses of
studies that evaluate health care interventions: explanation and elaboration. Annals of Internal
Medicine, 151(4), W-65.

26



Ma, X., Darko, A., Chan, A.P., Wang, R., & Zhang, B. (2022). An empirical analysis of barriers
to building information modelling (BIM) implementation in construction projects: evidence
from the Chinese context. International Journal of Construction Management, 22(16), 3119-
3127.

Macpherson, A., & Jones, O. (2010). Strategies for the development of International Journal of
Management Reviews. International Journal of Management Reviews, 12(2), 107-113.

Munianday, P., A. Rahman, R., & Esa, M. (2023). Case study on barriers to building
information modelling implementation in Malaysia. Journal of Facilities Management, 21(4),
511-534.

Nasila, M., & Cloete, C. (2018). Adoption of Building Information Modelling in the
construction industry in Kenya. Acta Structilia, 25(2), 1-38.

Nguyen, D. P. (2021). Barriers in BIM adoption and the legal considerations in
Vietnam. International  Journal of Sustainable Construction Engineering and
Technology, 12(1), 283-295.

Olanrewaju, O. I., Chileshe, N., Babarinde, S. A., & Sandanayake, M. (2020). Investigating the
barriers to building information modeling (BIM) implementation within the Nigerian
construction industry. Engineering, Construction and Architectural Management, 27(10),
2931-2958.

Olanrewaju, O. I., Kineber, A. F., Chileshe, N., & Edwards, D. J. (2022). Modelling the
relationship between Building Information Modelling (BIM) implementation barriers, usage
and awareness on building project lifecycle. Building and Environment, 207, 108556.

Oktem, S. (2016). BIM’e gecis siirecinin organizasyonel ve operasyonel cergevesi [Master
thesis]. Istanbul Technical University.

Piroozfar, P., Farr, E. R., Zadeh, A. H., Inacio, S. T., Kilgallon, S., & Jin, R. (2019). Facilitating
building information modelling (BIM) using integrated project delivery (IPD): a UK
perspective. Journal of Building Engineering, 26, 100907.

Rokooei, S. (2015). Building information modeling in project management: necessities,
challenges and outcomes. Procedia-Social and Behavioral Sciences, 210, 87-95.

Saka, A. B., & Chan, D. W. (2020). Profound barriers to building information modelling (BIM)
adoption in construction small and medium-sized enterprises (SMESs): an interpretive structural
modelling approach. Construction Innovation, 20(2), 261-284.

Saricigek, T. (2019). Tiirkiye'de mimarhk sirketleri i¢cin BIM uygulama yol haritasi [Master
thesis]. Hasan Kalyoncu University.

Stanley, R., & Thurnell, D. (2014). The benefits of, and barriers to, implementation of 5D BIM

for quantity surveying in New Zealand. Australasian Journal of Construction Economics and
Building, 14(1), 105-117.

27



Tan, S., & Gumusburun Ayalp, G. (2022). Root factors limiting BIM implementation in
developing countries: sampling the Turkish AEC industry. Open House International, 47(4),
732-762.

Tabatabaee, S., Mahdiyar, A., & Ismail, S. (2021). Towards the success of Building Information
Modelling implementation: a fuzzy-based MCDM risk assessment tool. Journal of Building
Engineering, 43, 103117.

Tan, S. (2021). Tiirk insaat sektériinde bim uygulamalarinin yaygin kullanilmamasina meden
olan faktorlerin belirlenmesi [Master thesis]. Hasan Kalyoncu University.

Tan, T., Chen, K., Xue, F., & Lu, W. (2019). Barriers to building information modeling (B1M)
implementation in China's prefabricated construction: an interpretive structural modeling (1ISM)
approach. Journal of Cleaner Production, 219, 949-959.

Tombus, F. E. (2005). Uzaktan algilama ve cografi bilgi sistemleri kullanmlarak erozyon risk
belirlemesine yeni bir yaklasim, Corum ili ornegi [Master thesis]. Anadolu University.

Van Roy, A. F., & Firdaus, A. (2020). Building information modelling in Indonesia:
Knowledge, implementation and barriers. Journal of Construction in Developing
Countries, 25(2), 199-217.

Wagar, A., Qureshi, A. H., & Alaloul, W. S. (2023). Barriers to building information modeling
(BIM)  deployment in small construction projects: Malaysian  construction
industry. Sustainability, 15(3), 2477.

Wu, P., Jin, R., Xu, Y., Lin, F., Dong, Y., & Pan, Z. (2021). The analysis of barriers to BIM
implementation for industrialized building construction: a China study. Journal of Civil
Engineering and Management, 27(1), 1-13.

Wu, Z., Lu, Y., He, Q., Hong, Q., Chen, C., & Antwi-Afari, M. F. (2022). Investigating the key
hindering factors and mechanism of BIM applications based on social network
analysis. Buildings, 12(8), 1270.

Yu, R., Ostwald, M. J., Gu, N., Skates, H., & Feast, S. (2022). Evaluating the effectiveness of
online teaching in architecture courses. Architectural Science Review, 65(2), 89-100.

Zhou, Y., Yang, Y., & Yang, J. B. (2019). Barriers to BIM implementation strategies in
China. Engineering, Construction and Architectural Management, 26(3), 554-574.

28



8™ International Project and Construction Management Conference (IPCMC2024)
Yildiz Technical University, Faculty of Civil Engineering, Department of Civil Engineering, Istanbul, Turkey

Use of Building Information Modeling (BIM) in the Design Phase
in Rail System Applications in Turkey

P. Coskun and E. F. Tas
Istanbul Technical University, Department of Architecture, Istanbul, Turkey
coskun23@itu.edu.tr, tase@itu.edu.tr

Abstract

Thanks to information and information technology developments on a global scale, innovative
advances are seen in the construction sector. Considering the locomotive effect of the
construction sector in the Turkish economy; It has emerged that there is a need to carry out
change studies in parallel with the development of technology in the sector. In the Turkish
Construction Industry, especially in large-scale investments such as public projects, the
common goal of project management processes is to increase efficiency and quality, which has
led to the adoption of the concept of Building Information Modeling (BIM). Istanbul
Metropolitan Municipality (IBB) has required the use of BIM in the planning, design,
construction, operation and maintenance stages of large metro projects for the last 10 years.
The first application in this regard is the Kabatag-Mecidiyekdy-Mahmutbey (KMM) Metro Line
Project, the construction of which started in 2013 under the ownership of the Istanbul
Metropolitan Municipality European Side Rail Systems Directorate. The innovative project-
based movement shed light on the next metro project tender practices. In this study, literature
research and design phase evaluation were conducted regarding the effects of BIM application
on project management stages. Based on the findings of the design phase of the KMM Metro
Line Project, where BIM was first applied, the Mahmutbey-Bahgesehir-Esenyurt (MBE) Metro
Line Project, which is the continuation of this line and is still under construction, was examined.
Specifically, for this project, the use of the BIM system in the design phase will be examined
and its benefits and problems encountered will be discussed.

Keywords: building information modeling (BIM), construction projects, rail systems.

Introduction

Nowadays, it is becoming increasingly important to adapt to constantly changing project
environmental conditions and minimize uncertainties in the construction industry. For this
purpose, the information technology systems developed offer effective solutions in project
production and management processes. In particular, BIM is a promising development in the
architecture, engineering and construction industries (AEC). BIM is designed to make project
processes more efficient in the construction industry, which is known for its multi-layered
structure. This technology increases information sharing, strengthens communication and
encourages collaboration among project stakeholders. As a result, Building Information
Modeling stands out as a powerful tool to reduce uncertainties and minimize risks in
construction projects. (Eastman et al., 2011).
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Building Information Modeling in Construction Project Management

"Management of construction projects requires modern management knowledge and
understanding of all construction processes. Management systems differ with changes in
technology, organizational arrangements or procedures, and changes in new features and
methods." (Rokooei, 2015).

"The project life cycle includes design, planning, construction, operation and maintenance
phases. Building information modeling is a process and creates a general framework for
developing a data-rich model. This model can be used by all project stakeholders in the project
life cycle at any time. It acts as a gateway to add, remove, update or change.” (Meadati, 2009).

BIM Handbook (2011) defines BIM as a computer-aided modeling technology that focuses on
the analysis of production, communication and building information models for the purpose of
information management in construction projects (BIM Handbook, 2011). BIM can create a
common language between all parties and system sections in a project and turn these
participants into an integrated team. (Rokooei, 2015).

"Construction project management is a set of activities to determine how, when, and by whom
work will be performed, including all lifecycle activities. BIM capabilities on construction
projects align with PMBOK knowledge areas because the nature and role of each element are
similar." Therefore, BIM can be considered an effective and powerful tool in project
management in the construction industry. (Rokooei, 2015).

PMBOK knowledge area Definition Criterion Positive consideration
Integration Management Unification, consolidation, articulation, and integrative actions Coordination Improvement

Scope Management Defining and controlling what is and is not included in the project Scope Clarification

Time Management Accomplish timely completion of the project Time Reduction or Control
Cost Management Planning, estimating, budgeting, and controlling costs Cost Reduction or Control
Quality Management Quality planning, quality assurance, and quality control Quality Increase or Control
Human resource Organize and manage the project team Organization Improvement
Management

Communications Timely and appropriate generation, collection, distribution, storage, Communication Improvement
Management retrieval, and disposition of project information

Risk (uncertainty) Increase the probability and impact of positive events, and decrease the Risk Negative risk reduction
Management probability and impact of adverse events

Procurement Purchase or acquire the products, services, or results needed from outside Procurement Help

Management the project team to perform the work

Figure 1: Success criteria based on PMBOK knowledge areas (Fazli et al., 2014).

"Integration management is the first topic area of the PMBOK, which has the same function as
BIM. BIM integrates the information, plans, and efforts of all parties involved in the project.
BIM also includes Objects that can be categorized and grouped into different groups, as in the
scope of the project, different aspects of a building Another feature of BIM is its cost and
duration management capacity, which can be used in 4D and 5D. In this context, it provides
parallelism with cost management and duration management within the scope of PMBOK. It
shows all risks related to a feasible construction project and construction risks. A powerful tool
in mitigating conflict errors in BIM acts as a quality process that visually organizes and analyzes
outages.BIM facilitates professionalism among all counterparts, including project procurement,
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designers and engineers, ensuring effective and direct communication links. It is a fundamental
feature.” (Rookoei, 2015).

The usage areas of BIM are examined under 3 main headings: pre-construction, construction
and post-construction phases, as described in the BIM Handbook (BIM Handbook, 2011). Since
the aim of this study is to examine the use of BIM in the design phase of rail systems, the
literature has only focused on the pre-construction design phase.

Pre-production Phase

In the project life cycle, the pre-construction phase is an important phase and greatly affects the
success of construction projects. Decisions taken at the pre-construction stage directly affect
the performance of the project in the later stages (Kivircik, 2015). When used from the
beginning stages of the project, BIM contributes greatly to creating an effective road map for
the pre-production phase. This increases efficiency, strengthens communication and helps
minimize risks throughout the entire life cycle of the project. BIM is an information technology-
supported approach to managing design data in the architecture, engineering, construction and
facility management sectors. BIM increases interdisciplinary collaboration with actions such as
creating compatible data, detecting conflicts and facility management (Ozorhon, 2018).
Therefore, using BIM in the pre-construction phase enables project stakeholders to develop a
better understanding, reduce design errors and use resources more efficiently.

Design Phase

Eastman et al. (2011) in their opinion; the main advantage of BIM is the concept, feasibility
and design analysis in the pre-construction phase, which leads to increased building
performance and quality. It is a more accurate design visualization. It is the possibility of
automatic and easy correction when changes are necessary. The production of 2D drawings
enables early collaboration between multiple project participants. It is the preparation of cost
estimates at the design stage. Energy efficiency and sustainability studies are the main
advantages in the design phase of a construction project. (Rokooei, 2015). BIM also
synchronizes design and construction planning. Detects design errors and deficiencies. It uses
design models as the basis for manufacturing components and enables the application of lean
construction techniques during the construction phase (Rokooei, 2015).

"The construction industry has used the design phases of structures as milestones to measure
the time it takes to complete the overall design of construction projects. It is generally divided
into, but not limited to, schematic design, design development, and production of construction
documents.”. According to Azhar et al. (2011), architects and engineers can take advantage of
BIM applications in creating schematic design, application project and system details at
different stages of project design.

According to Riiveyda et al. (2022), although many companies claim to use BIM, they do not
fully implement the BIM process. It is seen that companies that use only the 3D design phase
of BIM do not fully implement the process consisting of a total of 8 dimensions. In this way, it
IS not possible to obtain sufficient efficiency from BIM, and the targeted cost and time savings
are also missing.
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Benefits of Using BIM in the Design Phase

With reference to BIM Handbook (2011), the benefits of using building information modeling
in the Design Process are as follows (BIM Handbook, 2011):
» Visualizations of the design can be made more accurately and at earlier stages
« Automatic updating of model-related information based on changes made in the design
» Producing accurate and compatible 2D drawings at every stage of design
» Ensuring early cooperation between all disciplines
+ Faster testing and control of design decisions
« Ability to create cost estimates during the design phase
» Developing energy efficiency and sustainability decisions
e The result reached by the research; In general, the use of BIM in correct applications
provides benefits to all project stakeholders in the construction and management
processes.

Difficulties of Using BIM and Problems Encountered

The difficulties and problems in the use of BIM, determined as a result of a survey in which 31
contractor companies in the USA participated, are listed as follows (CRC Construction
Innovation, 2007):

» Learning curve and lack of experienced personnel

» The cost of implementation is very high,

» Resistance of other project stakeholders (Contractor, Designer, etc.)

+ Insufficiency of standards describing collaborative working and modeling processes,

* Not being able to work together,

» Insufficiency of legal and contractual agreements.

Literature Information on the Use of BIM in Rail Systems

In recent years, the Turkish Construction Sector has started to invest in BIM applications.
Compliance with legal obligations regarding the use of BIM in construction projects is vital for
Turkish companies to compete in the international market. World Turkish construction
companies need to turn to the use of BIM to ensure their competitiveness and sustainability of
performance. "The use of BIM is particularly demanded in our country in important public
projects such as metro and airport. In countries where the use of BIM is encouraged at the
national level, it is seen that property owners demand the use of BIM more in projects.”
(Ofluoglu, 2021). This technology increases the efficiency of projects, reduces costs,
strengthens communication and reduces risks. Therefore, the Turkish construction industry can
maintain and strengthen its competitive advantage by complying with international standards
and adopting innovative technologies. (Aladag et al., 2016). "However, an industry-wide
strategy is needed to facilitate this transition. Therefore; determining existing and new
trajectories for further adaptation and applications is the first step in determining the current
place of the Turkish Construction Sector in the global market." (Ezcan et al., 2013).
Developments regarding BIM applications initiatives are observed in the Turkish Construction
Sector, especially in rail system projects. The positive perspective on BIM technologies has
brought to the agenda the tender studies that make BIM applications mandatory in government
institutions, and various contractor and designer companies in the private sector are also
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encouraged in Turkey. In the process of transition to the BIM system, BIM infrastructure
preparations and hardware development studies have begun. The advantages of the integration
of this technology into railway projects have been started in the last few years for the
development of standardization and the formation of BIM directives and protocols that will
guide the use of BIM in many parts of the world. It enables collaboration, time saving, cost
optimization, and prevention of conflicts between networks. It also provides optimization of
management facilities, improvement of the quality of work, prefabrication before construction
(Mounir et al., 2019).

BIM based railway construction organization integrates design optimization decision making.
Its functions mainly include WBS decomposition and automatic linking method of engineering
asset structure, location-based planning algorithm, progress monitoring method based on
Internet of Things, and image progress display combined with BIM model and Gantt chart. The
method creates a solid foundation for the precise management of railway construction.
Designers can use BIM technology to optimize the allocation of construction resources. Then,
with the help of network planning technology, they can combine modern BIM technology with
traditional engineering methods. This will make full use of the relevant advantages and
effectively solve the optimization problem. Thus, it can allocate construction resources more
effectively and further reduce waste and construction costs (Jinghan et al., 2023).

BIM integration studies, which have started to come to the fore in recent years, are mainly used
in the public sector. The pioneer of the BIM movement, which is making progress with
government support in Turkey, is the KMM Metro Line project in the field of Rail System. It
initiated the public enterprise movement by including BIM applications for the first time in the
construction phase of the project. It was subsequently applied to other metro lines whose
construction started.

Examining the Use of BIM in the Design Phase of Rail Systems in Turkey

"In Turkey, BIM application has become mandatory for all transportation projects as of 2022
(UAB, 2022). It has been decided by IBB to use BIM in metro construction projects before
2022 (IBB, 2017)." Emre et al. (2023) examining the use of BIM in the design phase of rail
systems in Turkey started with the KMM Metro Line Project, one of the first exemplary projects
where BIM was implemented, carried out by Istanbul Metropolitan Municipality in 2013.
Analysis of the use of BIM in the design process created an important reference point for
subsequent projects. Based on the findings of the KMM Metro Line Project design phase, the
use of the BIM system in the design phase will be examined, specifically for the ongoing MBE
Metro Line Project. The benefits it provides and the problems encountered will be discussed.

Kabatas-Mecidiyekdy-Mahmutbey(KMM) Metro Line Project

The first attempt to implement BIM technology, which emerged as an idea in 2012, in rail
system projects in Turkey began with the decision to test it within the scope of the KMM Metro
Line Project. This example represents an innovative change that has received government
support for the application of BIM in a public project for the first time in Turkey.
» First Implementation and Integration Efforts: BIM was used in the design phase of the
KMM Metro Line Project, which was first implemented by the Istanbul Metropolitan
Municipality in 2013. BIM system studies have become the starting point of an initiative
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to integrate BIM-supported software with project management processes, beyond using
them only as a tool in the project production process. Observation of BIM practices
experienced during the Istanbul Rail System Department's UK Crossrail Metro Line
tour in 2014 accelerated the sectoral establishment of the idea that the BIM system could
be integrated with rail system projects in Turkey.

Budget, project understanding, transparency and stakeholder participation advantages:
With the application of BIM, the risk of budget exceedance in rail system projects is
reduced, project understanding improves, transparency increases and stakeholder
participation is ensured. As a result, more construction and maintenance can be
accomplished with less public money. (EU BIM Task Group, 2017).

The Crossrail Metro Line tour of the Istanbul Rail System Department in 2014 led to
the acceleration of BIM integration in rail system projects in Turkey.

Figure 2: Crossrail metro line integration model (Taylor, 2013).

Values Provided by BIM Adaptation in KMM Project: According to (Elif, A.,2018); It
is the creation of a virtually realizable Metro Project that allows the development of
design services by improving and optimizing the processes of design, construction,
operation and decommissioning. By creating a digital model of BIM, it is planned that
this model will support decision-making processes and respond to problems. The model
needs to be managed together with the process, and at the same time, it must provide
modeling and management services for two different uses, with the concept of "M™ in
the abbreviation BIM,meaning "Modelling/Management". Model management requires
collaboration with all parties in program implementation, including the supply chain,
this includes rail operators. Employer organizations that adopt the BIM system in this
project will have the opportunity to better manage the constructed asset. These findings
show the potential and advantages of BIM in Rail System Projects.

Use of BIM in the Design Phase of the MBE Metro Project which is the Continuation of
the KMM Metro Line and is Still Under Construction

The design phase studies of the MBE Metro Project started with the presentation of the BIM
Implementation Plan, BIM Production Process Procedure and Document Coding System. The
methods to be applied throughout the design process, the standards and regulations to be
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referenced are described in these documents. The start of the BIM modeling studies in question
took place in December 2017, according to official records.

Design studies in the MBE Metro Project are carried out as follows:

Carrying out design studies for 5 stations between Bahcesehir and Mahmutbey, which
started at the preliminary project stage (Mahmutbey, Ataturk, Mass Housing, Theme Park,
Hospital Stations).

Model studies carried out by receiving architectural application projects in CAD
environment for 11 stations between Esenyurt-Bahgesehir-Mahmutbey; Preparation of fine
business application models and E&M application models.

Making model studies of line tunnels.

Starting preliminary design studies as 3D models: Preliminary design studies for 5 stations
located between Bahgesehir and Mahmutbey have been started with 3D models. Model
bases were developed and detailed in the final and application project stages.

Taking into account the parameters affecting the design at the preliminary project stage,
thanks to the 3D model: The first five stations are located in areas with dense construction
due to their location. Location of the station structure, exit arms, shaft locations, etc. Since
there are many parameters affecting issues such as, detailed preliminary project studies were
carried out in the BIM environment. In this context; The platform tunnels of the stations,
the layout of the concourse buildings and the relations of the tunnels with each other are
shown in 3D.

Ensuring coordination between relevant parties in the early stages: Since the company was
the first contractor within the scope of work of the 1st stage of the rough construction design
process of 11 stations between Esenyurt and Mahmutbey, preliminary, final and application
project bases were prepared in 2D in CAD environment. Approved project studies were
forwarded to the second contractor for three-dimensional digital construction of the designs.
At this stage, the contractor was requested to perform specificationally defined current
situation modeling. The completed stations were handed over to the finishing work and
electromechanical work contractor so that they could start field work. Ictas planned the
design work program according to the stations whose reinforced concrete production would
be completed fastest.

Ensuring the integration of design and construction phases: In the current situation modeling
process, 3D static models of the site-delivered stations were created with point cloud data
using the laser scanning method. This method is used to detect manufacturing defects. It
also shows that the design and construction phases work in an integrated manner.
Identifying the problems in the project during the design process with the Navisworks
program: 3D coordination of interdisciplinary design models can be used for both the design
and construction phases. Architectural, static and electromechanical models prepared
during the design phase were examined through Navisworks software for conflict checks.
The detected conflicts were evaluated in coordination meetings held with the participation
of design alternatives and project stakeholders developed in the digital environment before
starting the manufacturing phase. These problems have been minimized.

Determination of problems in the manufacturing phase by integrating architectural and
electromechanical models in the Navisworks program: Models prepared for the disciplines
(architectural and electromechanical) are integrated through the Navisworks software and
prepared for conflict detection. In this digital environment, the models controlled and the
detected conflicts are marked with the prepared model images called viewpoints. nwd with
notes on the image. It is forwarded to the Contractor company by the Administration and
Building Inspection Officer in file format. The contractor company directs the control and
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editing works to the design subcontractors for 3D coordination. Thus, it takes precautions
for disciplinary project problems that may arise during the manufacturing phase.

The effect of using BIM in the design phase on time in alternative project production: 2D
documents and sheets are produced from 3D models via Revit software. Creating plans and
section sheets using 3D models is carried out more practically and faster with BIM software
than doing the same process through CAD software. When the 1st and 2nd stages of the
project are compared to each other, it has been experienced that the time spent on design
and project production takes less time with the use of BIM. The effective use of time in the
2nd stage was evaluated as a usage advantage that increased the number of alternatives
developed in the design phase.

Developing design alternatives in fine works: In line with the decisions taken at the
architectural design meetings, the works for the fine works will be manufactured with two
different construction methods within the scope of 11 stations. It was also initiated by
developing design alternatives for two stations (cut-cover and tunnel type).

Line tunnel modeling using different software programs: Another design process study is
the modeling of line tunnels. Modeling studies of line tunnels are modeled through Dynamo
software, which works as an add-on with Revit, separately from the station architectural
models.

Ensuring the creation of cost estimation and material and quantity lists: By integrating the
cost estimates made at every stage of the design phase with the BIM system, the use of BIM
in 5D dimension is targeted. Detailed lists and quantities of the materials used in the project
are obtained from BIM models.

Ensuring the creation of cost data parameters: Various methods and techniques have been
developed for project-specific quantity survey model studies. Cost estimation in 5D format
can be achieved by creating parameters in which cost data is entered into the model
elements, through progress payment models.

Reduction of estimation times with software programs used in fine work cost estimates:
With studies on the use of 5D BIM, cost estimates can be made quickly during the design
phase through the MTO and QTO produced. With these studies, cost estimation studies for
fine works can be carried out very quickly.

Ensuring the creation of digital sheets: Another use that will speed up the construction phase
is the creation of digital manufacturing visuals and location information sheets of the
construction system design (Virtual Mockup). Virtual Mockup is based on the principle that
implementation decisions during the construction phase are determined at the design stage.
In use, it refers to the construction representation for certain selected field applications in a
digital environment. The Contractor defines the conditions of this use in the BIM
Implementation Plan as follows. (I¢tas, 2017): "Virtual mock-ups to be produced to analyze
a complex building system in the model will be made on a station basis and 1 piece if
needed."”. For the station buildings, rendition will be made from 1 camera angle. It will be
delivered in Jpeg format.

In summary, the design phase, which started with the presentation of the documents prepared
during the contract phase for the MBE Metro Project, became the basic phase in which the BIM
usage targets of the project were contractually concentrated. The design phase, which is linked
to all other phases of the project, is a long usage period in which interdisciplinary coordination
efforts are intensified, decisions affecting the construction and operation processes are matured
and all kinds of model documents are produced. It was also stated in the interviews that the
most effective use of BIM was made in the design phase of the project, which is currently under
construction.
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Benefits of Using BIM on the Design Process in the MBA Metro Line
Project

MBE Metro Line, which is the continuation of the KMM Metro Line, is 18 km long with 10
station buildings. It is a Rail System Project, the construction of which started in 2017 and is
still on going.

In the MBE Metro Project, a public project with the BIM concept, an interview was held with
the employer (2 people), building inspection officer (consultant - 2 people), and the main
contractor (2 people) regarding BIM Applications. Interview participants were tried to be
selected in equal numbers from all project stakeholders (6 people in total).

Interviews were held at Halkali MBE Metro Main Construction Site. Employer; MBE Metro
Project Control Architect and BIM responsible Control Engineer within the Istanbul
Metropolitan Municipality European Side Rail System Directorate. Project consultant;

Architect responsible for the execution and follow-up of the BIM works of Emay International

Engineering and Consultancy Inc. and MBE Metro Project Architectural Finishing Works

Design Chief (Architect). Main Contractor; Ictas insaat A.S. It was held between the BIM

responsible (Civil engineer) and the BIM Chief (Civil Engineer) project parties (6 people in

total). A total of 15 questions asked to the parties regarding the use of BIM at all stages of the
project are as follows:

1- What is the place and importance of the BIM system in the MBE Metro Project?

2- How was the BIM process and adaptation achieved in the MBE project?

3- What are the most significant managerial and organizational changes made in your
company/institution in the transition to BIM?

4- What are the advantages and disadvantages of BIM in the MBE Metro Project?

5- What will be the benefits of the BIM process continuing the life cycle from design to
operation in metro projects?

6- Which of the project management processes do you think the use of BIM affects most
positively and which negatively? From where?

7- Could you explain how the use of BIM affects the cost, time and quality performances of
the project?

8- How has the sectoral resistance to BIM affected the metro projects and/or what action was
taken against the resistance?

9- What benefits will BIM and life cycle process in public institutions provide to the smart city
and the digitalization of the city?

10- What are the biggest difficulties you encounter in the adaptation of traditional methods to
the BIM process in your company/institution?

11-Has any training or adaptation program been implemented for the personnel working in
your company/institution during the BIM adaptation process? What kind of programs do
you think will facilitate the adaptation process?

12- Do you find the adaptation of the designers/project developers/production companies in the
sector to the process sufficient? What were the difficulties you experienced with the
contractors you worked with during this process?

13- Does your company/institution ensure that you adapt to new technologies that develop
throughout the process and update your techniques in this direction?

14- In line with your experience, what are your managerial suggestions and recommendations
for effective use of the system in rail system projects tendered with BIM?

37



15-Could you explain the benefits of using building information modeling in the Design
Process with reference to BIM Handbook (2011)?

As a result of the agreement made between these relationships, the efficiency of the BIM
process in the Design Process was examined on a project-specific basis, with reference to the

BIM H

andbook (2011).

Visualizations of the design can be made more accurately and at earlier stages (BIM
Handbook, 2011). In the MBE Metro Project, the designs were prepared and delivered
using the BIM infrastructure as a tender annex in 2017, the tender date. As of the start
of the project, these designs have undergone many revisions. However, thanks to 3D
models and imaging opportunities, designers and other teams contributing to the design
process can easily understand the structures, routes and changes that the designs
undergo from the tender process to the construction process.

Automatic, model-related information updating based on changes made in the design
(BIM Handbook, 2011). Metro projects are among the projects with the most
multidisciplinary interaction. Therefore, changes made in the design must be quickly
visible to other units, especially if manufacturing has started. In this context, with the
use of the BIM ecosystem and common database, each stakeholder has the opportunity
to access the current project without intermediaries within their authority.

Ability to produce accurate and compatible 2D drawings at every stage of design (BIM
Handbook, 2011). Thanks to the system and associated visualization tools included in
the use of BIM, the transition from draft drawing to presentation-ready drawing has
been accelerated. Also presentation, narration etc. In cases where it is necessary to
support drawings, the current design can be accessed quickly.

Early ensuring cooperation between all disciplines (BIM Handbook, 2011). In the MBE
Metro Project, there are institutions/companies involved in the design process and
professionals from different disciplines working under them. Employees from different
disciplines and different institutions/companies can interpret projects without even
having to come together physically. Transmitting comments and receiving feedback to
these comments is provided by BIM. In addition, it is possible for the disciplines
involved in the design process to work simultaneously thanks to the central model and
cloud systems.

Quick testing and checking of design decisions (BIM Handbook, 2011). Designs include
passenger numbers, fire escape scenarios, etc. in the MBE Metro Project. It may
undergo minor or major changes depending on many reasons. However, in a situation
where design processes are carried out using traditional methods other than BIM, this
means that many separate drawings, 3D visualizations and calculations change. With
BIM, these changes are made automatically. More control is provided over the
mechanisms that will affect the process, such as the impact of the design decision on
other volumes with cross sections and the calculations required to ensure compliance
with the standards.

Creating cost estimates at the design stage (BIM Handbook, 2011). The placement of
costly electromechanical systems must be re-evaluated in each design revision, they
contain structural elements that require high engineering, and the project financier is
public resources, etc. For these reasons, cost has the power to highly affect design
decisions in metro projects. In this context, cost estimates are created at each step so
that a decision can be made. In the MBE Metro Project, each element of the digital twins
is costed with BIM. The financial consequences of numerical or structural changes of
these elements are calculated.
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« Developing energy efficiency and sustainability decisions (BIM Handbook, 2011). In
the MBE Metro Project, calculations that can be evaluated within the framework of
sustainability and energy efficiency during the operation phase, following the design
and construction processes, are made using BIM models and tools within the system.
These calculations include operational costs, optimal placement of energy resources and
equipment, and scenarios based on population change.

Challenges and Problems in Using BIM in MBE Metro Project

According to the answers received as a result of the interviews with MBE Metro Project BIM
users, it was stated that although the application has advantages for the users and the project,
some inadequacies and deficiencies in use turned into problems in the project processes.

» Lack of qualified personnel with knowledge and skills: The difficulty of finding
personnel experienced in BIM and the competitiveness among companies within the
sector cause rapid personnel turnover. This resulted in the risk of these companies losing
talented and experienced employees in the field of BIM, causing various deficiencies
and losses in the organizational structures of the project teams over time. The reason
why we cannot find experienced and talented personnel in this field is the complexity
of BIM and the special skill set it requires. Competition between companies within the
industry creates greater pressure to attract and retain qualified employees. In this case,
companies often face the risk of losing experienced personnel to rival companies.

« The high cost of BIM software and hardware: The software used in the BIM process
causes small and medium-sized companies, especially, to not be able to allocate such a
budget. This creates an obstacle for BIM to become a universal system.

« Incompatibility and data collaboration problems may occur when combining and
updating BIM models used by different disciplines.

« It may take time for people and institutions accustomed to traditional methods to get
used to the idea of integrating the BIM system into project production and management
processes. Initially, the concept of BIM was generally viewed as a side goal of the
project, rather than a system integrity covering all project management processes.
However, this attitude towards the use of BIM in later project stages may change over
time. This has been identified as an obstacle in the project adaptation process. All project
stakeholders have encountered people and attitudes that resist BIM practices during
their adaptation processes.

« By the nature of BIM, the fact that it is a complex process and requires the cooperation
of many stakeholders from different disciplines (architecture, engineering, construction,
etc.) makes it difficult to determine standards and regulations. However, there are some
standards and guides on BIM developed by various national and international
organizations. For example, organizations such as the Institute of Construction
Industrial Engineers (ASCE), the American Association of Civil Contractors (AGC),
and the American Institute of Architects (AlA) have published guidelines and standards
on BIM. Additionally, the International Standards Organization (ISO) is also working
on standards for BIM. However, these standards often may not fully meet the needs of
a particular project or may have limited applicability. Therefore, it is common to use
different approaches and practices in different metro projects. This may require
stakeholders using BIM to develop their own methods and procedures, taking into
account project-specific needs and requirements.

* Managing and analyzing BIM models in large and complex metro projects sometimes
makes things difficult in terms of hardware and technical aspects. Problems such as
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large file sizes and difficult to control models may occur. Ensuring the security of
sensitive information contained in BIM models is an important issue. In the use of BIM,
data security should be defined within strict limits along with quality control processes.

« ltis also a problem that the potential of BIM is not used efficiently at every stage of the
project and is used only at the design stage. A BIM model contains a lot of information
that can be useful in the business process, and this knowledge should continue to be
used.

» In metro projects, the Employer is contractually defined as the owner of the legal rights
and uses of the project. However, subcontractor confidentiality problems were
encountered during the design phase, such as protecting private information regarding
the use of patented Revit smart objects and model production methods and not wanting
to share it (knowhow). It is stated in the technical specification article to prevent this
problem as follows (IBB, 2017):

o The Building Inspector/Administration owns all CAD, BIM, Special simulation and
facility data produced for this project.

o Building Inspection Officer/Administration can use these documents wherever they
want.

o The Contractor cannot charge an additional fee for this.

For this reason, the technical specification automatically eliminates the risks of keeping the
produced models and data confidential. The confidentiality principles of the companies have
caused business disruptions in measuring the model quality and auditing the projects within the
scope of this work. Failure to provide model access does not allow data access in a collaborative
working environment, which is one of the advantages of BIM, at the desired time and in a way
that serves the desired purpose. The companies' attitudes towards sharing the data they produce
were shown among the reasons for trying to cooperate with different subcontractors and not
continuing to work with some design companies.

Results

In the KMM Metro Project and its sequel, the MBE Metro Line Project, the benefits of BIM
applications in the design details can be seen;
« It saves time and resources by automating the design and drawing processes and
minimizes errors and contradictions in this process,
*  Optimizes workflow,
+ It facilitates communication between different disciplines,
« Provides a better understanding of the project thanks to 3D modeling,
» Provides more accurate cost estimates by detecting conflicts in different disciplines in
advance,
» ltenables the development of more detailed and coordinated designs in terms of quality,
« Optimizes building performance and sustainability,
» Appears to increase user experience and building functionality.

Moreover,
« BIM can make visualizations more accurately and at earlier stages, providing
automatic updates based on changes made,
» Producing accurate and compatible 2D drawings,
» Ensuring early collaboration between all disciplines,
+ Ability to quickly test and control design decisions
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+ Features such as improving energy efficiency and sustainability decisions add more
value to the design process. It is necessary to achieve better quality and sustainable
results by increasing efficiency in the design process. Therefore, it is understood
that construction companies should give importance to digitalization, especially
BIM, which is necessary for this sector, for their future sustainability.

In order for the use of BIM in question to become widespread and to fully utilize its potential,
its mandatory implementation should be made in all public tenders, as in large-scale rail system
projects. Investing in training and skill development programs. Making BIM software and
hardware more affordable. Conducting data collaboration and standardization studies.
Developing technical infrastructure. BIM should be used throughout the entire project life cycle
and is recommended.
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Abstract

Calculating the productivity of workers in traditional construction projects can be a daunting
and time-consuming task. However, thanks to the advancements in technology and scientific
research, measuring labor productivity can be automated. Therefore, this study aims to
determine the productivity of gypsum plaster workers by collecting motion data with a sensor
on their arms and using the support vector machine algorithm for analysis. Based on the
estimation results, motion productivity is determined by calculating the ratio of the worker's
working time to the total time. On the other hand, labor productivity is calculated by
determining the ratio of the amount of work completed to the product of the number of workers
and the total working hours. Finally, theoretical productivity is calculated by dividing motion
productivity by the calculated labor productivity. According to the results of the analysis,
whether the worker is working or not has been estimated correctly by 95.8%. On the other
hand, the mean daily theoretical productivity has been determined to be 10.20 m2/man-hour.
In this way, workers' activities can be automatically detected with a certain accuracy and their
productivity can be calculated. This helps in the effective management of the construction site.

Keywords: construction technology, worker activities, support vector machine, worker
productivity estimation, artificial intelligence.

Introduction

The construction industry is a vital sector in the global economy, but it often faces challenges
such as low productivity resulting in low quality, high costs, and time overruns. Measuring and
estimating labor productivity in this industry can be challenging due to the variability of worker
productivity depending on the labor force used. This creates difficulties in accurately estimating
the labor productivity of the construction sector. In construction planning and process,
measuring and estimating labor productivity is crucial. Determining worker productivity status
helps manage the process effectively. Incorporating new technologies and advanced methods
to measure and forecast labor productivity is crucial for addressing concerns and improving the
construction industry's efficiency and effectiveness. The integration of modern technology is
key to enhancing labor productivity in construction, as per various studies. According to a study
in the USA, the construction sector has one of the lowest scores on the digitalisation index
(Manyika et al., 2015). Today, with the convenience of digitalisation, scientific studies have
been conducted to integrate technology into the construction industry (Akinosho et al., 2020;
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Begi¢ & Gali¢, 2021; Calvetti et al., 2020; Xu et al., 2021). In 2018, McKinsey & Company
published a report stating that the construction industry will increasingly rely on advanced
technologies. These technologies encompass digital twins, artificial intelligence, the Internet of
Things (1oT), 3D printers, robotics, real-time monitoring and control systems, document
management, and 3D modelling and BIM technologies (Blanco et al., 2018). The integration of
cutting-edge technologies such as artificial intelligence, internet of things, real-time monitoring,
and control can serve as a catalyst for automating the recognition of labor activities and
calculating labor productivity in the construction sector. This advancement has the potential to
significantly streamline processes and increase efficiency on construction sites.

In 2016, a study by Akhavian and Behzadan explored the use of an artificial intelligence model
that could automatically detect worker movements using data from smartphones. The study
analysed the effectiveness of various Al models, including artificial neural network, decision
trees, nearest neighbour, logistic regression, and support vector machines, in identifying the
time spent on each activity, including idle time. The findings suggest that utilizing machine
learning techniques to analyse worker activity and time can be a valuable tool in evaluating
productivity. The models created by the study can be directly applied to measure productivity
(Akhavian & Behzadan, 2016). Sanhudo et al. (2021) conducted a thorough study to assess the
accuracy and usability of accelerometer data and machine learning algorithms in categorizing
construction workers' activities. To achieve this, a realistic circuit was created to capture ten
distinct activities that occur during wall building in a controlled laboratory environment. The
workers were outfitted with accelerometer sensors to collect data for each activity. The data
collected from the sensors were used to train and compare 13 different machine learning
algorithms including decision tree, k nearest neighbour, logistic regression, multilayer
perceptions, and support vector machines (SVM). Additionally, ensemble machine learning
algorithms such as random forest, extreme random trees, adaptive boosting, and gradient
boosting machines were also employed for comparison. (Sanhudo et al., 2021). In Son's (2017)
study, the author examined the possibility of measuring labor productivity by calculating the
ratio of active working hours to total working hours, based on data obtained from workers. To
enhance productivity in a construction site setting, the author suggests that gathering physical
and location data every second can be beneficial since productivity data can be difficult to
collect and measure in real-time. The study defines labor productivity as the ratio of time spent
on direct work by a construction worker to total work time. Furthermore, the study focuses on
measuring the individual productivity of each worker rather than the project's overall
productivity (Son, 2017).

The recognition of construction activities involves the utilization of specialized equipment.
Specifically, the process entails the measurement of acceleration, angular velocity, and
gravitational forces using a combination of three sensors - accelerometer, gyroscope, and
magnetometer. The data obtained from these sensors are then analyzed to identify the specific
construction activities taking place. It is worth noting that the accuracy of the results is
dependent on the quality of the equipment used and the expertise of the personnel involved
(Fang et al., 2016). Some studies have used only accelerometer data for activity recognition in
construction work (Joshua & Varghese, 2014; Ryu et al., 2019; Sanhudo et al., 2021). The
inclusion of both accelerometer sensors in the X, Y, and Z axes and gyroscope sensors that
measure angular velocity allows for the recognition of construction activities. These sensors
can detect rolling, pitching, and yawing movements in the three axes, thereby expanding the
range of worker activity movement characteristics. As a result, it becomes simpler to
differentiate between each activity (Zhang et al., 2018). Therefore, some studies have used a
combination of accelerometer and gyroscope data for construction worker activity
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identification analyses (Akhavian & Behzadan, 2016, 2018; Zhang et al., 2018). In addition
Garcia-Gonzalez et al. (2020) stated in their study that gravitational force measurements data
collected with the magnetometer sensor would be useful to be used with other sensors in the
recognition of labour activities. The aim of this study is to examine the information collected
from employees through accelerometer, gyroscope, and magnetometer sensors. Through the
use of artificial intelligence models, their movements and behaviours will be identified,
enabling the computation of worker productivity to be automated.

Research Methodology

As technology advances, data collection systems are becoming increasingly efficient at
measuring labor productivity. Compared to traditional methods like direct observation or
surveys, which can be time-consuming, tedious, and prone to errors, these automated systems
offer a more effective solution. In light of this, our study seeks to utilize machine learning to
analyze data collected via sensors attached to workers' arms, providing predictions of their
activities and accurately calculating productivity. This study employs the support vector
machine (SVM) machine learning method to accurately predict the work status of a Gypsum
Plaster worker. To achieve this, we followed a step-by-step approach illustrated in the Figure 1
flowchart. We began by collecting and categorizing raw data from the worker at the
construction site. Subsequently, we meticulously processed, sorted, and extracted its essential
attributes to ensure the data was model-ready. The initial step involves dividing the data into
two distinct sets: training and test data. Subsequently, the training data will be meticulously
analysed to determine the success of predictions in comparison with the test data. Once this is
accomplished, the prediction model will be integrated with the data collected during the day to
forecast worker activities. Finally, the theoretical efficiency will be calculated based on
movement efficiencies and worker efficiencies.

Data Collection Data Labeling Statistical
and Make Ready and Standardization Feature
to Model Segmentation Extraction

Support Vector Machine
(SVM)
Machine Learning Model

Analysis of The Train-Test Split
Model (%80-%20)

i

Evaluation of
Worker Activity Confusion Accuracy and

Recognition Matrix CV scores
Results

)

Calculation of
Worker Motion - Labor Theoretical
Productivity Productivity Productivity Productivity
Results

10 fold Cross
Validation

Figure 1: Flowchart for the study.

As part of this study, information regarding gypsum plaster activities was gathered from the
construction of a reinforced concrete school. A sensor was affixed to the craftsman handling
the plastering task, as depicted in the Figure 2, and 3-axis acceleration, gyroscope, and
magnetometer data were recorded throughout the process. Data was collected throughout the
day at 2-hour intervals between 8:00-10:00, 10:00-12:00, 13:00-15:00 and 15:00-17:00. To
label the data according to the activity it belonged to, the workers' work at the construction site
was observed and noted. The data was gathered with the assistance of a data acquisition device
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and subsequently analyzed utilizing the Python programming language. To elevate the
predictive potential of the machine learning models, the data underwent normalization through
the z-score standardization method subsequent to its collection.

Figure 2: Data collection with sensor attached to the gypsum plaster workers’ arm.

Initially, the data will undergo separation and feature extraction processes to obtain the
necessary features for prediction. The data obtained were partitioned into windows of a specific
duration, and the statistical characteristics of the data within each window were computed. For
this study, a window size of 4 seconds and an overlap rate of 75% were chosen. The 4-second
windows were then shifted, as depicted in the Figure 3, and all windows were computed with a
75% overlap. The new features were calculated by analyzing the statistical properties of the
data within the specified windows. These statistical features include the sum, median, mean,
length, standard deviation, variance, square root (quadratic) mean, maximum and minimum of
the values in each window of the data in the x, y, and z directions taken from the accelerometer,
gyroscope, and magnetometer sensors as shown in Table 1. A total of 81 variables were created
using this method. After this process, the new data obtained will be ready to be used for the
model.

b &b o N s oo

Figure 3: Data segmentation process.
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Table 1. Features and description created with statistical feature extraction.

Statistical Features Names | Description

Sum values Calculates the sum over the seperated windows values

Median Calculates the median the seperated windows values

Mean Calculates the mean the seperated windows values

Length Calculates the length the seperated windows values

Standard deviation Calculates the standard deviation the seperated windows values
Variance Calculates the variance the seperated windows values

Root mean score Calculates the quadratic mean the seperated windows values
Maximum Calculates the maximum value the seperated windows values
Minimum Calculates the minimum value the seperated windows values

The data that was prepared for the model was initially divided into 80% training data and 20%
test data. The training data was then analyzed, and prediction accuracies were calculated by
comparing them with the test data. For this study, the machine learning model used was the
Support Vector Machine (SVM) algorithm. After developing the SVM model, we utilized the
10-fold cross-validation technique to ensure the model was unbiased and minimize data bias.
This involved dividing the training data into 10 layers and using one layer as validation data
while the remaining 9 layers were used as validation-training data. The prediction accuracy
values were averaged for each layer to calculate the cross-validation prediction values.

The aim of gypsum plastering is to gauge worker productivity using state-of-the-art Artificial
Intelligence techniques. In order to achieve this, data was gathered from accelerometers,
gyroscopes, and magnetometers along the x, y, and z-axes over an 8-hour period. However,
only the 2-hour measurements were scrutinized. For the remaining 6 hours, a Support Vector
Machine (SVM) learning algorithm was employed to predict the measurements and create a
model for analysis. The resulting model was then used to assess overall productivity. In order
to utilize the SVM machine learning model to forecast construction activities, it is essential to
prepare the data collected throughout the day in two-hour intervals. Once the data is prepared,
it is analysed each two-hour measurement using the prediction model to obtain anticipated
activity times. These predicted times will then be compared to the observed activity times. To
assess the effectiveness of each activity during the 2-hour working periods, we will calculate
their motion productivity based on the predicted and observed values. Motion productivity will
be calculated by dividing the working time of each activity by the total time, which includes
both working time and waiting time. The formula for calculating motion productivity is shown
in Equation 1.

) __ Working Time (sec) .

Motion Productivity (% 100 (1)

Total Time (sec)

The workers' motions and the amount of work done in 2-hour periods were measured at
construction sites. This is done to calculate labor productivity values during these periods.
Equation 2 is used to calculate labor productivity values.

Total Output

Labor Productivity = ——— Input

)

After calculating motion and labor productivities, the theoretical productivity values that a
worker would achieve if it were worked at full capacity were calculated according to equation
3.
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Labor Productivity

Theoretical Productivity = (€))

Motion Productivity

Results and Discussions

A SVM machine learning model was designed to accurately detect the working status of a
gypsum plaster at a construction site. The model was meticulously scrutinized, and the resulting
confusion matrices have been conveniently presented in Figure 4. The analysis reveals that the
model was able to predict with 96% accuracy (704 out of 740) the total waiting activities.
Furthermore, the model accurately predicted 97% (622 out of 644) of the total gypsum
activities.

|- 700

Confusion matrix

- 400

True label

- 100

Predicted label

Figure 4: Confusion matrix of SVM model.

Confusion matrices are a useful tool to determine the predictive success of any activity in SVM
model. In this study, the predictive success of the SVM model is presented in the table 2,
considering the overall prediction success. Accuracy scores of the models were evaluated in
two ways. Firstly, the model was assessed using training accuracy scores, and then accuracy
values were generated using the 10-fold cross-validation (CV) technique, which is a more
accurate and robust method for evaluating models. Upon thorough analysis of the results, it has
been determined that the CV accuracy value of the model is considerably lower by a factor of
10. Nonetheless, it has been discovered that an evaluation based on these values would yield
greater accuracy and robustness. Consequently, it has been observed that the SVM model boasts
an impressive accuracy rate of 95.8% in predicting the working status of a plaster worker.

Table 2. Results of activity recognition.

Training Accuracy 10-fold CV Accuracy | Number of Data
SVM (C:100) 0.961 0.958 1384

Once the prediction results of the SVM model were deemed acceptable, the data collected
throughout the day was prepared and fed into the SVM model to obtain the prediction results.
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During the data collection process from sensors, the system also kept track of the time period
in which the master worked on a particular job and the amount of work he accomplished. The
aim is to calculate workers' estimated productivity throughout the day and compare it with their
labor productivity. The results are presented in a Table 3. It shows that the observed and
predicted working hours and motion productivity are very similar in all working hours. The
estimated motion productivity during 8-10, 10-12, 13-15, and 15-17 was approximately 47%,
79%, 88%, and 63%, respectively.

Table 3. Results of motion productivity.

Activity \AV:J:(SI ™ | work Pred-:-ci{n i (Osggc)erved I\Ig?;:j(;cr;]tpmdugti)\s/;tr)\//é?)
8-10 \C/;v);ﬁ)ful}lmr; gégg 33528331.619 47.05 4741
oypsum |12 ating 1422 | ises | 9% | o7
P (g5 (om0 LSS g | oy
1597 |\iating | o6 | speas | O268 | 0288

Theoretical productivities were calculated by dividing measured labor productivity by
calculated motion productivity. The Table 4 shows the theoretical productivity of gypsum
activity for each time frame. Theoretical productivity indicate how productive activities would
be if they worked continuously during the designated working hours, without any waiting
periods. Based on the results, the theoretical productivities of the activities were calculated to

be 8.50, 11.33, 7.42, and 13.56, respectively.

Tablo 4. Results of theoretical productivity.

: Labor . .
pctwiy | WO | proguay (Mot Tt
(m2/1 man-hour)
8-10 4.00 0.4705 8.50
Gypsum 10-12 9.00 0.7944 11.33 m2/man*hour
Plaster 13-15 6.50 0.8759 7.42
15-17 8.50 0.6268 13.56

When the productivity calculations of the gypsum plastering activity are analysed separately,
the theoretical productivity and partial productivity of the construction activities in each time
zone are visually evaluated and how much the workers work in proportion to their daily working
capacity is shown in Figure 5. Based on the findings, the gypsum activity demonstrated higher
productivity during the 10-12 and 15-17 hour periods compared to other hours of the day. When
comparing productivity values during these two periods, the labor productivity were found to
be almost equal. However, the theoretical productivity between 15-17 hours is quite high. In
other words, it is seen that the laborer works less in terms of working hours in this time period.
On the other hand, when the productivity values between 8-10 and 13-15 hours are compared,
the theoretical productivity is almost the same in these hours. It was found that the labor
productivity value was higher between 13-15 hours of work. This means that although the
worker's working capacity was similar during these time periods, they worked more in terms of
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working hours between 13-15 hours. In consideration of the daily productivity of a gypsum
plaster worker, it is observed that should the worker continue to work without any breaks, the
labor productivity can be increased from 7 m2/man*hour per day to a theoretical productivity
of 10.20 m2/man*hour. In light of the fact that laborers are required to take a half-hour break
prior to and following lunch over the course of the day, the maximal theoretical efficiency in
gypsum plastering activity computes to 8.93 m2/man*hour.

J - Labor Productivity

14 4[__] Theoretical Productivity
Average Labor Productivity
Average Theoretical Productivity

Productivity Values (m2/man*hour)

8-10 10-12 13-15 15-17

Working hours
Figure 5. Daily productivity values of the worker.
Conclusion

Automatically recognizing labor activities and measuring productivity in real-time can have a
positive impact on increasing productivity and aiding project managers in site control and
management. By using sensors to capture motion data, the SVM algorithm analyse the data and
determine with 95.8% accuracy whether a worker is present and working on the construction
site. By monitoring the workers in real-time, it becomes possible to have better control over the
construction site. Automatic recognition of their activities also allows for the calculation of
their motion productivity. The theoretical efficiency is determined by comparing the labor
productivity obtained from the construction site with the motion productivity. The concept of
theoretical productivity pertains to a worker's ability to perform tasks based on their
movements. In essence, enhancing labor productivity can be achieved by precisely gauging the
work performed by workers and their theoretical productivity. This approach will enable us to
identify the opportune time and method to augment worker productivity. Through this, we can
optimize labor productivity at construction sites and guarantee more streamlined and effective
project management. In this case, the theoretical and partial productivity calculations of the
activities should be calculated on the basis of the workers working on the basis of the activity,
which will lead to more realistic and applicable results. Since the productivity of each activity
will vary depending on the worker, it is clear that the productivity of which activity can be
increased or not can vary. As a result, making an automatic productivity calculation based on
the worker will have a significant positive effect on productivity.
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Abstract

Digital twin (DT) opens up exciting possibilities for the construction industry. The integration
of machinery, sensors, and intelligent systems into construction processes has evolved with
technological advancements. A DT digitally represents real assets, serving as a virtual
illustration with real-time data for prediction, optimization, monitoring, and enhancing
efficiency. In many applications, DT is currently a significant and developing trend. In this
regard, a great deal of study has been focused on DT. The purpose of this study is to review
the literature on DT in the construction sector and investigate the potential of the DT to
determine the research trends. The current literature on DT in the construction industry is
examined in this study by bibliometric analysis. Publications related to DT were identified
and retrieved from Scopus. Subsequently, bibliometric analysis was conducted using
VOSviewer. The results showed that over time, keywords change from covering broad topics
such as BIM, construction and industry 4.0 to increasingly specialized and in-depth topics
such as predictive maintenance, ontology and semantic web. Additionally, there are other
points related to the computer and mechanical sectors which may stem from the fact that
advancements in technology and informatics significantly influence the concept of a DT
applied in construction.

Keywords: construction industry, digital twin, potential of digital twin.

Introduction

The idea of the DT is gaining attraction and growing popularity with the advancement of
information technology and data delivery (Wang et al., 2021; Liu et al., 2021; Kim & Ham,
2022). As a result, research on this topic has increased lately (Sun et al., 2022). Almatared et
al. (2022) highlight that the AEC sector is adopting DT technologies progressively as a result
of their benefits, including enhanced production and efficiency. Grieves introduced DT
technology in 2003, creating a dynamic virtual representation reflecting real-world
characteristics using real-time sensor data (Fuller et al., 2020; Liu et al., 2021; Teizer et al.,
2022). Rasheed et al. (2020) identify the 3 primary components of the DT as the real world
twin, the virtual world twin and the relationship that links the twins with the transfer of data
and information. The goal of developing a DT is to offer knowledge and understanding for
decision-making and action regarding the physical twin (Sun et al., 2022). DT can assist in the
planning, monitoring, execution, identification of risks, enhancements, optimization of
performance, maintenance and forecasting future needs (Zhang et al., 2021). Therefore the
application of DT can offer significant advantages to the field of architecture (Lu et al.,
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2020a; Wang et al., 2022). It contributes to minimizing the lasting effects of buildings and
enhances the efficiency in the construction (Boje et al., 2020). Si et al. (2023) suggest that
utilizing innovations reduces operational costs, enhances speed, and improves precision.
Various technologies, including internet of things (loT), artificial intelligent (Al), model
visualization, deep learning, machine learning, sensor technology and cloud platforms support
the functioning of DT (Elfarri et al., 2022; Wang et al., 2022; Al Musaed & Yitmen, 2023).
Several researches related to DT and these technologies have been conducted in the literature.
This study aims to identify research trends by reviewing the literature on DT in the
construction industry and exploring the possible applications of DT. Despite numerous studies
conducted on DT so far, it is believed that a bibliometric analysis summarizing the keyword
co-occurrence will provide visual data outlining the literature and comprehensive overview of
research trends in the field.

Methodology

This study's primary goal is to provide information about DT knowledge as well as the latest
developments within the architecture, engineering and construction sector (AEC). In order to
achieve this goal, the study adopts bibliometric analysis and maps the co-occurrence of author
keywords and source citations using the VOSviewer tool. Studies related to DT and the
construction sector were obtained from the Scopus database. All document categories, such as
conference papers, articles, reviews, book chapters, books and conference reviews were
included for the purpose to reflect the researchers' views. No time restriction was used to
access each source of information in the literature but the paper concentrates on research
conducted in English. The advanced search engine on Scopus was selected, with the use of
Title-Abstract-Keywords filtering. The following code was used for the finding: TITLE-ABS-
KEY ("digital twin") AND TITLE-ABS-KEY ("construction project” OR "construction
industry”" OR “construction sector”) AND (LIMIT-TO (LANGUAGE, "English")). A total of
340 publications were found during the search. Afterward, the publication data from the
Scopus database for the current search was exported as a CSV file for bibliometric mapping
using VOSviewer software. McAllister et al. (2021) describe VOSviewer's mapping logic,
where clusters consist of keywords, and their similarity is indicated by the color of their
association. The size of a node is determined by the co-occurrence of the term in published
papers and link strength, reflecting the intensity of keyword associations. Clusters represent
groups of related keywords with common features such as subject relevance, shared research
interests, and frequent occurrences in literature within the field.

Findings

In this section, the analysis of the literature and the bibliometric outcomes related to keyword
co-occurrence presented, along with a discussion of the research findings. When a search was
conducted in Scopus, graphs related to a total of 340 publications were accessed. Initially
concerning the years of releasing, Figure 1 shows the documents by years. Scopus begins with
the oldest data from the year 2018. Since 2018, there has been a considerable increase in
publications, especially after 2020. The document numbers for 2022 and 2023 are quite close
to one another, despite the fact that the count has been increasing annually on average until
2022. This outcome could indicate that because the number of publications reached a
particular limit. Since the analysis was finished in the first few months of 2024, the statistics
for that year might not fully reflect the circumstances in reality. The decline shown in the
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figure may not represent an actual decrease in numbers. However, we might conclude that
between 2018 and 2023, interest in the DT concept expanded dramatically.

125
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50

25

2018 2019 2020 2021 2022 2023 2024

Figure 1: The total number of publications for DT in the AEC sector during 2018-2024.

Figure 2 illustrates the document type distribution. Out of the 340 papers on the topic of DT
in the construction industry, articles and conference papers make up nearly 82%. Reviews
(10.9%) and conference reviews (4.1%) follow with 37 and 14 publications, respectively.
Books (0.9%) and book chapters (2.6%) are the least preferred types in the table.

Book

0,2

Book chapter -
Conference review _
4,19
Review

Conference paper
40,6%

Figure 2: Type of publications.

Co-occurrence of Author Keywords

We may determine the widespread use of particular themes and the focus of research by
examining the co-occurrence data of author keywords in papers. Therefore, using VOSviewer,
the co-occurrence network of author keywords was created. Keyword size indicates
popularity; colors differentiate clusters, and the distance indicates similarity. Additionally,
links between terms indicate connections within the scope of DT and the construction
industry. With 2 being the minimum number of keyword occurrences, 155 out of 868
keywords satisfy the requirement. A bibliometric map of the co-occurrence of author
keywords is shown in Figure 3.
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Figure 3: Bibliometric map of author keywords co-occurrence network.

According to the analysis, "digital twin" is the top keyword with 132 occurrences and in
cluster 1, having a significant relationship with other relevant ideas. "BIM" is the second most
common keyword, occurring 57 times, and belongs to cluster 11. The third, "digital twins," is
in cluster 6 with 41 occurrences. In this map, several terms that are associated with the
computer and machinery industries are found in minor clusters, including "cyber physical
systems", "fault detection", "neural network", “smart contract”, “petri net” and more. This
might be the case since the concept of a DT utilized in building is directly impacted by
developments in the fields of computer science and technology. Additionally studies related to
DT at a transitional point between various areas of expertise such as engineering, information
science and computing. Smaller nodes indicate less frequent discussion in academic
publications compared to larger ones. However, if it's a recent development, it may have
future growth potential. The historical evolution of keywords must be examined in order to
get an insight into this issue. In response to this goal, Figure 4 was generated by integrating
historical data into the analysis.
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Figure 4: Bibliometric map of author keywords co-occurrence overlay.

The addition of a time option to the overlay visualization map causes the colors to change, but
the screen, point size and clusters stay the same (McAllister et al., 2021). The cluster colors
change from blue to yellow as the years get closer to today. In the publishing keywords
displayed as an overlay by year , the terms "digital twin", "BIM", "construction industry",
"internet of things" and "industry 4.0" are central to the area and frequently appear in the
academic literature, representing the largest clusters. Additionally, they are seen either in the
color of green or blue since researchers have used them for a longer period of time. The
largest ones in the blue clusters are “BIM”, “construction”, “big data”, “blockchain” and
“facility management” with 57, 14, 11, 11 and 10 document appearances in each,
respectively. Except the “digital twin”, “BIM” and ““construction industry” terms; “internet of
things”, “artificial intelligence”, “virtual reality” and “deep learning” respectively have 15,
10, 8 and 8 occurrences in the most extensive green clusters we discover. Finally, we observe
that the greatest clusters within yellow ones are “predictive maintenance” (9), “sustainable
construction” (6), “construction management” (6) and “ontology” (6). Additionally, there are
keywords that are primarily observed within the yellow clusters, which are highly specialized
in the field of DT technology such as “semantic web”, “IFC”, “intelligent construction”, “scan
to BIM” and “automation”. It appears that recent studies have mostly employed the keywords
in yellow clusters. This alone does not indicate that these subjects will continue to be relevant
in the future. Future research may find that they increase in size, but they may also stay small.
We can state that future modifications in their dimensions could occur. Moreover according to
the analysis, yellow, which is currently chosen keywords, refers to more specific topics

compared to terms found in other colors.

Table 1 has been created to enhance the distinction among the keywords found in the clusters
shown in Figure 3. It clearly depicts the clusters, their colors and the keywords associated
with each cluster in a list format. The first cluster, "DT and Construction,” consists of 22
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keywords. The term “digital twin” dominates with 132 occurrences and a total link strength of
331, making it the group with the most keywords. Keywords such as “Petri net”, “Linked
data”, “OpenBIM”, “Structural equation modeling” are found in this cluster, indicating
expertise in the respective field. These keywords are seen in the yellow cluster in Figure 4,
further demonstrating how studies have become more specialized and in-depth recently.
Cluster 2, "DT & Technological Advancements™ has 15 keywords, with "Internet of Things
(IoT)" as the most prominent, occurring 6 times with a total link strength of 29. Words are
included in the cluster such as artificial intelligence (3), building information modeling (4),
mixed reality (2), and others. Cluster 3, "DT & Management" consists of 14 keywords. The
term "Internet of Things™ stands out with 15 occurrences and a total link strength of 56.
Keywords in this cluster such as “energy management”, “predictive maintenance”,
“simulation” and “risk management” are observed in the yellow cluster in Figure 4, providing
additional evidence of the recent trend towards increased specialization and depth in research.
The top 3 clusters have the most keywords, followed by clusters C4 (12), C5 (12), C6 (11),

C7 (10), C8 (10), C9 (10), C11 (10), C12 (9), C13 (6), C14 (3) and C15 ().

Table 1. Clarification of the clusters.

Top 3
No | Cluster Name Colour Keywords
Keyword Occurences
1 DT & Red blockchain, building construction, building information model Digital Twin 132
Construction (bl_m). cons}rgchon _loglsucs. c_\fber-phys@al §yslem (cps_).'dlgllal Interoperability 7
twin (dt), digital twin construction (dtc), ifc, interoperability, y <
: : P 4 2 : Ontology 6
linked data, literature review, modular integrated construction Y
(mic), ontology. openbim, petri nel, prefabrication, semantic web,
smart construction, structural equation modelling, supply chain,
sustainable construction
2 DT & Dark Green |artilicial intelligent (ai), building information modeling (bim). Internet of things (iot) 6
Technological building information modelling (bim), collaboration, construction Reéview 6
advancements safety, construction site, digital twins (dt), framework, industry y KRS
< g NN s : 4 Construction safcty 5
foundation classes (ilc), internet of things (iot), lean construction,
mixed reality, review, systematic literature review (slr),
visulisation
3 DT & Dark Bluc  |building information model, construction management, Internet of things 15
Management construction project management, cyber- physical system, energy | Facility management 10
management, engineering project management, facility b :
B S TS Predictive maintanence 9
management, fault detection, internet of things, optimization,
predictive maintanence, risk management, simulation, smart
building
4 DT & Yellow bibliometric analysis. building, building information modeling, Circular economy 9
Sustainability built environment, case slud_y. cnrctllar_c§(1npn1)‘/. consruction and Sustainability 6
demolition waste, construction sites, digitalization, knowledge . . )
RE R PR Built environment 4
graph, sustainability, waste minimization
5 DT & Purple bridge, civil engineering, decision-making, digital maturity, Infrastructure 8
Engineering infrastructure, in:spc'cliun‘ life c,\.‘clc. nc.uml network, smart cities, Bridge 4
survey, systematic literature review, wireless sensor network " .
Systematic literature 4
review
6 | DT & Decision Blue building nformation modelling, building information modelling, Digital twins 41
making d;:c;lsmn making, dccpl I;arr]n:g, dllgltal twins, geometry, internet Deep learnin I
of things, occupational health and safety. safety management, S 2 A
. £ 2 p * Y e Building mformation 8
scan-to-bim, scan-vs-bim 2 2
modelling
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12

13

14

15

Table 2 presents the numerical data about the author keywords in the map. Within the table,
the most frequently used top 20 keywords are clearly visible, which the map created with
VOSviewer might not be very obvious and easy to distinguish. Similar or synonymous words
have been included in the study to demonstrate how the words appear in different contexts
and forms in research papers. The results simply indicate the research trends of DT in the
construction sector. Although BIM and related topics continue to maintain their prominence
in the literature, we can observe the emergence of Al and related subjects such as “IoT”,

DT & Big data

DT &
Automation

DT &
Digitalization

DT & Cyber
systems

DT & Virtual
design

DT & Innovation

DT & Industry
4.0

DT &
Prototyping

DT & Fabrication

Orange

Brown

Pink

Light Red

Green

Light Blue

Light Yellow

Lilac

Grey

3d reconstruction, big data, building digital twin, computer
vision, data model, digitalisation, maintenance, modeling, sensor, Maintenance

structural health monitoring

automation, barriers, building information modelling (bim),

construction, construction industry, construction scctor, design,

mformation systems, management, technology

a1, digital futures, digital transformation, digitization, energy
cfficiency, green buildings, industry 4.0, machine lcarning,

produclivity, project management

building information modeling, construction 4.0, cyber- phsical

systems, cybersceurity, digital models, intelligent buildings,
intelligent constructin, oll-site construction, scientomelric

analysis, smart buildings

arhitecture, augmented reality, bim, covid-19, engincering, gis,

10t, smart city, virtual design and construction, virtual reality

artificial intelligence, building information modeling (bim),
construction technology, digital construction, digital
technologies, innovation, modular construction, offsite

construction, process mining

Big data

Sensor
Construction
Technology
Construction industry
Project management
Machine learning
Digital transformation
Building information
modcling
Construction 4.0
Cyber-phsical systems
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Virtual design and
construction

Tot
Building inlormation
modeling (bim)
Artificial intelligence
Modular construction

3d printing, construction industry, decentralization, mdustry 4.0, Construction industry

plm, smart contract

bridges. prototyping, synthetic fair data

digital fabrication

Industry 4.0
Smart contract
Bridges
Prototyping
Synthetic fair data

Digital fabrication

“predictive maintenance”, “deep learning” and “virtual reality” in recent research trends.

Table 2. Top Keywords in DT for the AEC sector.

No Keywords Occurences | Links |Total Link | Avg. Pub.
Strenght Year
1 |Digital twin 132 116 331 2021.96
2 |BIM 57 68 152 2021.72
3 |Digital twins 41 68 111 2022.05
4 |Construction industry 21 41 69 2022.19
5 |Internet of things 15 35 56 2022.07
6 |Construction 14 28 45 2021.57
7 |Building information modeling 12 26 35 2021.25
8 |Big data 11 33 49 2021.64
9 |Blockchain 11 24 43 2021.73
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10 |Industry 4.0 11 22 42 2021.64
11 |Building information modeling (BIM) 11 17 22 2022.27
12 {loT 10 21 38 2021.70
13 |Artificial intelligence 10 22 34 2021.80
14 |Facility management 10 19 31 2021.70
15 |Construction 4.0 9 17 25 2021.89
16 |Predictive Maintenance 9 14 24 2022.44
17 |Circular economy 9 18 22 2021.89
18 |Building information modelling 24 29 2021.62
19 |Deep learning 22 27 202238
20 | Virtual reality 15 24 202238

Conclusion

The primary objective of this study was using bibliometric analysis to bring together the most
recent research trends on DT in the AEC sector. The science mapping for DT in the
construction industry was generated using the VOSviewer tool, with the literature obtained
from the Scopus database. To illustrate research patterns, the article presents the total number
of publications over time, together with their types, co-occurrence map of author keywords
and the top 20 keywords in DT on construction sector. Popular literature keywords were
grouped into clusters and labeled. To better reflect the construction sector's application area,
these 15 clusters were titled in relation to DT. The analysis explored the potential of DT
through research paper keywords. It can be inferred that some terms are related to notable
issues in the construction sector. For instance, "openBIM", "linked data", "semantic web" and
"industry foundation classes (IFC)" are remarkable for their connection to interoperability in
the construction industry. Terms such as “blockchain” and “big data” could be observed in
discussions related to cybersecurity of construction and privacy, while keywords like “fault
detection”, “predictive maintenance” and “deep learning” may be noticeable within the
context of operational cost of construction. As mentioned in the literature, achieving data
interoperability, ensuring cybersecurity and managing operational costs create significant
challenges in the AEC industry for DT. In the construction sector, these keywords may play
different roles at different stages of the building life cycle. Terms like “BIM™ and “risk
management” might be mostly notable in the design phase, while “cyber-physical systems”
and “facility management” can take center stage in operation and maintenance. “loT”,
“sensors”, “smart contracts”, “optimization” and “simulation” could impact the construction
phase and “circular economy” and “waste minimization” are expected to be influential in the
end-of-life phase. The mentioned terms can be regarded as the latest keywords in the analysis.
Thus, it is demonstrated that recently preferred terms reflect a deep expertise in construction-
related topics. Considering all this information, the examined keywords may have diverse
effects in the construction sector. However, it's essential to recognize the significance of these
keywords and their ability to influence the future direction of the AEC industry. Numerous
studies conducted in the field of DT in construction, have rapidly introduced new terms into
the literature. The advancements in Al and information technology may further accelerate the
emergence of new concepts in the AEC sector.
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Abstract

The prediction of housing prices varies depending on various dynamics, including standard
and local indices. Precisely defining these factors reduces uncertainties, saving time and costs,
enhancing industry decision-making model accuracy, and informing real estate policies. In this
context, this study aims to develop a nearly precise housing price prediction model in three
stages. Firstly, by examining the fundamental factors influencing housing prices, the best
algorithm models were determined using 13 machine learning (ML) algorithms with applied
hyperparameters. Compared to other ML algorithms, CatBoost and LightGBM achieved
success rates of 90.8% and 89.4%, respectively. In the second stage, Bayesian hyperparameter
optimization enhanced these models' accuracy. Though exhibiting specific differences in
predictions, these models significantly contribute to the target model's output. The optimized
hybrid model excelled in minimizing errors, achieving RMSE, R2, MAE, and MAPE values, of
0.11, 0.92, 0.08, and 0.66, respectively. Finally, the interpretation of models using SHAP and
feature importance, alongside these algorithms, suggests that construction quality, area, and
garage availability predominantly impact housing prices, while neighborhood and location
minimally influence predictions. This study focuses on understanding the key features affecting
housing prices clearly and developing a precise prediction model by interpreting these features
accurately. Its results provide a correct prediction model that can improve decision-making
processes for stakeholders, investors, and local governments or policymakers in the housing
sector.

Keywords: Bayesian, house price, hybrid, machine learning, quality.

Introduction

The development of the real estate market can significantly influence the economic activities
of a country, and even the entire world (Rodrigues & Lourengo, 2015). For example, the
mortgage crisis in the United States led to a global financial crisis (Fligstein & Habinek, 2014),
causing significant asset losses in financial markets and institutions, and slowing down
economic growth worldwide (Hodson & Quaglia, 2009). Events such as global warming,
climate change, and natural disasters also have a significant impact on housing prices (Nicholls,
2019; Phong & Duc Tinh, 2010; Sussman et al., 2014). During the Covid-19 pandemic, real
estate prices experienced a short and temporary decline between 2019 and 2021 (Allen-Coghlan
& McQuinn, 2021; Mora-Garcia et al., 2022); however, a 1% increase in earthquake risk
percentage in a neighborhood has a significant impact on housing prices (Cheung et al., 2018;
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Keskin, 2008; Singh, 2019). Because the housing market is a critical element for regional and
national economies (Phan, 2018), house prices and their determinants are important for a wide
range of stakeholders, including tenants, house owners, the real estate sector, data analysts,
economic experts, and local governments (Muellbauer & Murphy, 2008). In particular, 92% of
intercity price differences are attributed to local factors (Glaeser et al., 2014).

The Hedonic Price Model (HPM) is an economic tool where the characteristics that determine
and influence the price of a good or service are analyzed (Oladunni & Sharma, 2016). Although
the HPM is commonly used to estimate the fundamental value of a house (Hussain et al., 2019;
Jafari et al., 2017; Jafari et al., 2019), typically has lower prediction accuracy compared to ML
approaches (Rico-Juan & Taltavull, 2021; Kim et al., 2020). ML algorithm prediction methods
significantly determine the value of a property for decision-makers (Adetunji et al., 2022;
Barreca et al., 2018; Chen et al., 2021; Halket et al., 2020; H. Kim et al., 2020; Ho et al., 2021;
McGreala & Taltavull, 2012; Mou et al., 2017; Noh & Park, 2021; Sahu & Singh, 2021; Soltani
etal., 2022; Xue et al., 2020), focusing on the factors that influence housing prices is important
(Hoxha & Salaj, 2014; Keskin, 2008). Capturing and sharing mechanisms of value can globally
support governments and organizations in financing infrastructure development while
alleviating financial constraints (Diao & Ferreira, 2010; Yagmur et al., 2023). However, it is
necessary for governments to formulate policies promptly to sustain recovery (Park & Bae,
2015). The Housing Price Index (HPI) is used to predict inconsistencies in housing prices (Yang
et al., 2020). The housing market in the United States adheres to the Standard & Poor's Case-
Shiller index and the Federal Housing Finance Agency (FHFA) index (Calhoun, 1996; Park &
Bae, 2015). These indices necessitate examining the relationship between housing prices and
attributes, identifying necessary factors, and processing data (Abdul-Rahman et al., 2021).
Accordingly, creating a robust and accurate prediction model requires identifying the factors or
attributes that influence housing prices in that region or city (Rafiei & Adeli, 2016). According
to Zulkifley et al. (2020), housing price predictions can be segmented based on factors such as
physical characteristics (Liu & Song, 2019; Wang et al., 2015), location (Kim et al., 2021; Wen
etal., 2018), and neighborhood (Wang et al., 2022; Tsao & Lu, 2022) characteristics. In addition
to these three categories, broader macroeconomic factors such as the economy, inflation, stock
market indices, demographic structure, and supply-demand dynamics in the real estate market
also have a significant impact (Hoxha & Salaj, 2014; Lee et al., 2021; Levantesi & Piscopo,
2020; Mao et al., 2022). Among these are household income, expected return on housing
investment, housing loan interest rates, demographic factors, and labor market factors (Hoxha
& Salaj, 2014). Many studies show that hybrid ML models are more successful than other ML
models in addressing the complexity of these factors (Azadeh et al., 2012; Mao et al., 2022;
Sibindi et al., 2023; Tekin & Ucal Sar1, 2022; Kim et al., 2020).

In this study, a machine learning-based ensemble learning hybrid model (CatBoost and
LightGBM) was developed to identify various factors influencing housing prices and to create
the best housing price model that facilitates the analysis of the relationship between these
factors. The developed hybrid model aims to play a significant role in predicting future housing
prices and determining real estate policies by optimizing the base learners through the Bayesian
hyperparameter optimization method, exhibiting better performance with less error compared
to individual models. This study aims to identify various factors affecting housing prices and
to create the best housing price model to facilitate the analysis of the relationship between these
factors. In this regard, a machine learning-based ensemble learning model was developed to
reduce variance and prevent overfitting, aiming to increase accuracy. This hybrid model
includes CatBoost and LightGBM algorithms, with base learners adjusted using Bayesian
hyperparameter optimization. It aims to play a significant role in predicting future housing
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prices and determining real estate policies by demonstrating better performance with less error
compared to individual models. This model aims to assist consumers in coping with uncertainty
and making better decisions by providing higher prediction accuracy for businesses and
policymakers. In this context, the study provides a more detailed analysis of the relative effects
of factors (physical, location, and neighborhood characteristics) on housing prices in a specific
region. The results showed that the primary determinant of housing transaction prices in the
United States is construction quality, followed by lot size, garage availability, and usable space.
The study indicated that neighborhood (such as distance to open spaces and business centers)
and location characteristics have a less significant impact on housing prices compared to
housing units and physical features.

The study is divided into five stages: Literature Review (2), Methodology (3), Results and
Discussion (4), and Conclusion (5).

Literature Review

Ensemble methods are an effective tool for improving the performance of different models
(Breiman, 2001). These algorithms become ideal for our current study due to their ability to
handle various data types, non-linear relationships, and high-dimensional data. Ensemble
models are a widely used approach in the field of ML (Zhang et al., 2022). Sibindi et al. (2023)
confirmed that the proposed hybrid LightGBM and XGBoost model provided the best
prediction performance compared to baseline methods such as Adaboost, GBM, LightGBM,
and XGBoost. Azadeh et al. (2012) propose a solution for predicting housing market
fluctuations in Iran using a hybrid algorithm of fuzzy linear regression and fuzzy cognitive map
as a decision support system, given the uncertainty and noise in the housing market. Tekin and
Ucal Sar1 (2022) investigated that using hybrid techniques can improve the accuracy of
predictions regarding property listing prices using real market data obtained from 30,000
observations in Istanbul. Phan (2018) demonstrated that an ensemble of Stepwise and adjusted
SVM outperformed other models in predicting the prices of historical houses in Melbourne,
Australia. Mao et al. (2022) developed a hybrid model that ensembles different ML algorithms
such as XGBoost, LightGBM, MLP, SVR, and MLR to improve prediction accuracy and
stability. Kim et al. (2021) examined that by creating ML models with real transaction data in
Korea, the hybrid model they developed can improve prediction accuracy in housing price
predictions by using different algorithm ensembles. In this way, when a high-priority prediction
model is created, highly accurate predictions are obtained. This means that organizations
involved in housing finance can access more precise valuation results, accurate financial
solutions, and lower capital costs.

In this study, a hybrid model has been constructed using the CtaBoost and LightGBM
algorithms. Both CatBoost and LightGBM utilize a leaf-wise tree structure in their algorithms.
Tree-based algorithms offer many advantages, such as interpretability, reduced data preparation
requirements, versatility, and management of complex relationships (Zhang et al., 2015).
Decision trees help us understand relationships between different entities by interpreting them
simply (Miao et al., 2004), providing easier understanding compared to other techniques
(Kotsiantis, 2013). This tree structure creates a complex and branching framework, providing
the highest information gain for faster training on large datasets (Yang et al.,, 2015).
Additionally, CatBoost and LightGBM serve as powerful Gradient Boosted Decision Tree
(GBDT) tools for tasks like classification and regression in large-scale data scenarios (Shi et
al., 2018). GBDT outperforms other ML algorithms in heterogeneous data tasks
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(Prokhorenkova et al., 2018). However, GBDT is not as effective as neural networks in
homogeneous data tasks (Johnson & Khoshgoftaar, 2019). Accordingly, it is important to
choose the right ML algorithm considering the data type. CatBoost and LightGBM, along with
their similarities, also have differences. CatBoost is a gradient-boosting algorithm designed to
efficiently handle datasets with categorical features (Nguyen et al., 2022). The aim is to
ensemble predictions from different models to achieve a stable and generalizable result, thereby
preventing overfitting (Ostroumova et al., 2017). It provides better prediction accuracy and
eliminates prediction drift with the sequential boosting algorithm (Huang et al., 2023).
LightGBM, on the other hand, is a gradient-boosting algorithm developed to handle large,
sparse, and unstructured datasets (Ma et al., 2021). In particular, it includes various features
such as histogram-based one-sided sampling and special feature bundling (Friedman, 2001).
LightGBM is an advanced gradient-boosting ML algorithm that offers improved accuracy,
more efficient memory usage, and enhanced speed (Alshboul et al., 2022). Developing models
with higher prediction accuracy is important for coping with uncertainty. In the study, applying
Bayesian hyperparameter optimization to the hybrid model is important as it minimizes error
and enhances the accuracy of the model.

Methodology

Data Preparation

The data used in this study was obtained from the ongoing competition USA lowa - Ames
Housing Market accessed through the Kaggle website (URL). The original dataset consists of
1460 observations and 81 features (79 explanatory features, 1 target feature, and 1 ID). Each
observation represents the actual sale prices of houses in the city of Ames. Data preparation
consists of two main stages: data preprocessing and feature engineering. Before using
prediction models for house prices, comprehensive preprocessing of the dataset (numerical &
categorical, handling missing & outlier values, correlation matrix, target feature, etc.) is crucial.
The Feature Engineering stage is divided into 5 steps: (Step 1) Cleaning. Data cleaning involves
identifying and processing outlier values (with thresholding: low_quantile=0.10, up_quantile
=0.90). Missing values indicating the absence of certain features were filled with 'No', and for
‘object’ type features with 20 or fewer classes, missing values were filled with the mode, while
other features were imputed with the 'mean’ or 'median'. (Step 2) Transformation. Scaling
techniques such as StandartScaler and MinMaxScaler were used for the balanced scaling of
features. Additionally, skewness and kurtosis analyses were conducted to examine the normal
distribution of each feature. Due to the wide range and numerous outlier values in the SalePrice
(target/dependent feature) values, a logarithmic transformation was applied to normalize the
data. (Step 3) Encoding and Feature Extraction. Rare Encoding is applied to less effective
features, and new features are created based on the correlation matrix. The correlation matrix
plays an important role in creating new features; numerical values are normalized, and Label
Encoding and One-Hot Encoding techniques are applied to categorical values. (Step 4) Feature
Iteration. Feature iteration is used after creating hyperparameter models during predictions.
(Step 5) Feature Selection. Feature selection was used in the interpretability steps to evaluate
the performance of the model. Furthermore, in the dataset, the distribution of Features (81)
originally shows Categorical Features (53), Numerical Features (28), Categorical but Cardinal
Features (0), and Numerical but Categorical Features (10). However, after applying Rare
Encoding & New Features, these features increase to 101, 58, 43, 0, and 15, respectively; while
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after applying Binary Encoding & One-Hot Encoding, they reach the numbers 311, 268, 43, 0,
268, respectively.

Model Selection and Development

Before data modeling, the cleaned dataset was divided into a training dataset (80%) and a test
dataset (20%) used for evaluating the model. Firstly, various models were included to
comprehensively compare their performances and find the best-performing model (Table 1). A
systematic approach, namely 5-fold cross-validation and GridSearchCV techniques, was used
to optimize the hyperparameters of ML models. GridSearchCV is used to find the best
hyperparameter combinations for each model, and then the models are trained with these
parameters. Subsequently, the performance of the models is evaluated. However, linear
algorithms may risk overfitting when the relationships between the data are not linear (Bartlett
etal., 2019). The Learning Curve graphs of these models showed overfitting for Bayesian, while
for MLR, they indicated underfitting, and the heterogeneous nature of the dataset led to the
initial elimination of these methods (Bayesian, Ridge, Multiple Linear, ElasticNet, and Lasso
Regression) (Table 1). When selecting an ML model for a specific problem or dataset, it is
important to consider these limitations (Uddin et al., 2023).

Table 1. ML algorithm selection.

Algorithms Scoring Index (S1)*
Categorical Boosting (CatBoost) 1.3074
Bayesian Regressor 1.2971
Ridge Regression 1.2533
Light Gradient Boosting Machine (LightGBM) 1.2262
Extreme Gradient Boosting (XGBoost) 1.2094
Gradient Boosting Machine (GBM) 1.1821
Multiple Linear Regression (MLR) 1.1867
Lasso Regression 1.0842
ElasticNet Regression 1.0759
Random Forest (RF) 1.0711
Adaptive Boosting (AdaBoost) 0.8277
Classification and Regression Trees (CART) 0.7026
K-Nearest Neighbors (KNN) 0.4960

* Sl = R? * (1/ MAPE). The SI value used to measure the performance of each model is calculated by
combining R2 and MAPE values, taking into account both accuracy and variance.

Subsequently, CatBoost and LightGBM, which ranked first, were selected to create the
ensemble model as they are tree-based models. CatBoost and LightGBM demonstrated the best
performance with higher R2 values, and lower RMSE, MSE, and MAE values, indicating
smaller errors. Using Bayesian Optimization, the ensemble model for CatBoost and LightGBM
was optimized. Predictions were made with the models retrained with the best hyperparameters,
and ensemble predictions were formed by taking the weighted average of these predictions.
Finally, the performance of the ensemble model was evaluated, and relevant metrics were
determined. Additionally, SHAP analysis was used for interpreting the model and determining
the effect of input features on output targets. For this purpose, an explainer named
TreeExplainer was used in scikit-learn models. The analysis was performed in Python using the
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Scikit-learn and matplotlib libraries for classical ML models, in addition to the PyCharm IDE
for development and the ensemble hybrid model.

Performance Evaluation Metrics

Prediction error metrics were used to evaluate the performance accuracy of the proposed model.
The metrics used include Root Mean Squared Error (RMSE), determination coefficient (R2),
Mean Absolute Error (MAE), and Mean Absolute Percentage Error (MAPE). The equations
used for the evaluation metrics are as follows:

1 ~
RMSE = (231, 0 - 50? ®
y o g TG
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with n being observations, y; as actual values, ¥, as predicted values, and y is the mean target
value of all test samples.

Model Evaluation Results and Discussion

Performance Evaluation of the Hybrid Model

In 200 trials, the best hyperparameter combinations were found for the CatBoost and LightGBM
models. The CatBoost model achieved the lowest RMSE as the objective function value in the
196th trial, while the LightGBM model achieved the lowest RMSE in the 149th trial. The
CatBoost model achieved a better objective value of 0.121 RMSE compared to the LightGBM
model. The hybrid model showed better performance in optimizing the objective function to
improve performance. The RMSE of the hybrid model decreased from 0.1224 with default
hyperparameters to 0.1145 with Bayesian hyperparameter combination. This indicates that the
hybrid model is the best model for predicting house prices with reduced variance and increased
accuracy. However, the Bayesian method, which eliminates uncertainty, yields results faster
than GridSearchCV used in base learners, its computation time is higher due to Bayesian
hyperparameter processing and the size of the dataset.

Table 2. Performance evaluation of the hybrid CatBoost and LightGBM.

Model RMSEy R24 MAEy MAPEy
CatBoost-LightGBM without Bayesian 0.1224 0.9063 0.0847 0.7105
CatBoost-LightGBM with Bayesian 0.1145 0.9181 0.0791 0.6632
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Interpretation of the Hybrid CatBoost - LightGBM Model

In the developed hybrid model, Shapley Additive Explanation (SHAP) plots were used to
interpret the predictions accurately (Abdel-Razek et al., 2022; Wang et al., 2023). The SHAP
concept was created to assess the importance of an individual player within a team (Shapley,
1953). The SHAP plot provides a detailed view of the impact of each feature on predictions, in
addition to ranking the features (Lundberg & Lee, 2017) and quantitatively specifying the
feature's impact on the output (Mangalathu et al., 2020). A high SHAP value for a feature
indicates that it significantly impacts the model output (Lee et al., 2023); positive and negative
values reflect whether the feature increases or decreases the output (Mao et al., 2022).

In this study, it has been observed that the contributions of the CatBoost and LightGBM models
to the hybrid model are almost equal. The contribution percentages of the two models to the
hybrid model are 50.41% and 49.59%, respectively. There is a 0.82% difference between the
base learners. The nearly equal contributions of the two algorithms to the prediction model have
enhanced the success of the hybrid model. In terms of features, the impact of features has been
evaluated based on the mean absolute SHAP values by ranking the effects of the predicted
features on housing sale prices, as seen in Figure 1.
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Figure 1: SHAP summary chart of the distribution and impact of the features in predicting
house prices with the Hybrid Model.

Figure 1 shows the features that contribute the most to the hybrid model's prediction. These
features are presented in the top 20 SHAP summary charts and are derived from the ensemble
of the CatBoost and LightGBM algorithms. The features that most significantly influence the
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predictions of the hybrid model are as follows: house quality (OverallQual, new_OverallGrade,
FireplaceQu, MasVnrArea, TotalQual), total house area (new_TotalHouseArea), usable house
area (new_TotalSqFeet), porch, living area and circulation (OpenPorchSF, new_GarageGrLiv,
new_1stGrLiv, and BsmtUnfSF), access to transportation facilities (Conditionl), year of
restoration (new_RestorationAge), duration of the garage and 2 to 3 car garages
(new_GarageSold, GarageCars_2, GarageCars_3), three bedrooms above ground
(BedroomAbvGr_3 1), presence of 2 fireplaces (Fireplace_2 1), and the neighborhood
(Neighborhood_Edwards).

Figure 2 shows the importance of different features, but it does not determine the relationship
of the feature with the outputs. Therefore, the SHAP summary chart (Figure 1) is used to
demonstrate how each feature is related to the outputs.

Feature Importance

new_TotalHouseArea 14.65%
OverallQual 14.62%
new_TotalSqFeet 10.41%
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Figure 2: Hybrid model feature importance summary.

Figure 2 shows the degree of importance of the features; these outputs help us understand the
effects of the model on house prices. In the figure, the first five features account for more than
50% of the model's effect, while the first eleven features reflect 80%. This situation, while also
providing Pareto analysis, ensures the efficient management and optimal utilization of
resources in both economic and quality management contexts. Furthermore, these data can be
taken into consideration when making an important assessment for a homebuyer or homeowner.
It is possible to note that factors such as the construction quality of the house, total area, usable
space, garage size, and garage quality have a significant impact on the price and greatly
influence it.
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Discussion

This study developed a hybrid model by an ensemble of the CatBoost and LightGBM
algorithms to create the best house price prediction model. This hybrid model achieved the most
accurate results through the optimization of hyperparameters using Bayesian optimization.
Bayesian hyperparameter optimization was applied to the base learners to determine the best
set of hyperparameters (Table 3).

Table 3. Optimal hyperparameter values for the base learners and hybrid models.

Algorithm Name Hyperparameter

category

Base learner  CatBoost bagging_temperature = 0.5, depth = 5, iterations = 200,
(best 12_leaf _reg =1, learning_rate = 0.1
parameters)
LightGBM learning_rate=0.1, max_depth=3, min_child_samples =20,
(best n_estimators=200, num_leaves=20
parameters)

Optimization Bayesian iterations_catboost = (50, 200), learning_rate_catboost =
(CatBoost  (0.01, 1.0), depth_catboost = (3, 7), 12_leaf reg_catboost = (1,
+ 5), bagging_temperature_catboost = (0.5, 1.5),

LightGBM) max_depth_lIgh = (3, 7), learning_rate_Igb = (0.01, 0.5),
num_leaves_lgb = (20, 40), n_estimators_lgb= (50, 200),
min_child_samples_Igb = (10, 30)

Hybrid CatBoost + bagging_temperature_catboost=0.796, depth_catboost=4,
LightGBM iterations_catboost=196, 12_leaf reg_catboost=4,
(best learning_rate_catboost=0.175, learning_rate_lgh=0.085,

parameters) max_depth_Igh=3, min_child_samples_lgh=18,
n_estimators_lghb= 149, num_leaves Igh=38

However, the study has some limitations. Initially, hyperparameters were tested across various
iterations within the range of 50 to 500. Yet, the optimization process was limited to a maximum
of 200 trials due to the discovery of the optimal hyperparameter set before 200 iterations and
the extensive runtime of the program over a wide range. Hyperparameter optimization requires
significant computational resources and time. To enhance efficiency, specific hyperparameters
are selected for each study (Table 3). These include terms like 'n_estimators' for determining
the number of trees, 'iteration’ for specifying the number of repetitions, 'depth’ and ‘'max_depth’
for establishing the maximum depth of decision trees, '‘bagging temperature' for controlling the
sampling process of trees, 'num_leaves' for setting the maximum number of leaves, 'l2_leaf reg'
for L2 regularization, and 'min_child_samples' for deciding the minimum number of samples
required to split a tree. However, the parameter ranges could not be taken too wide due to
computational power or time constraints. On the other hand, adjusting hyperparameters with
wide ranges or having a large number of parameters can increase the computational burden and
reduce efficiency in model training. The parameters used were employed to control the
complexity of the model and prevent overfitting in the hybrid model, addressing issues
encountered in traditional ML algorithms. When they have higher values, the model becomes
more complex, while lower values lead to simpler and more generalizable models. This can
provide less diversity and more stability but increases the risk of overfitting. Thus, setting them
too high can lead to overfitting, while setting them too low can lead to underfitting. In this case,
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each parameter affects the model's ability to solve a specific problem and therefore should be
carefully selected. Additionally, not considering the contribution of each hyperparameter to the
model's performance is another limitation, as a comprehensive analysis of the hyperparameter
tuning process in LightGBM and CatBoost has not been conducted. Therefore, selecting the
correct parameters is highly important. Hyperparameter parallel coordinate analysis provides a
good solution for understanding the interaction between hyperparameters and how to make
optimal adjustments to achieve the best performance. However, due to computational
constraints, in this study, hyperparameters were optimized using GridSearchCV and cross-
validation techniques, yielding a solution by selecting parameters that yield the best
performance within the specified range.

Additionally, the primary objective of this study is to identify factors influencing housing prices
and to develop a housing price model that facilitates the analysis of this relationship. The study
examines physical attributes, location, and neighborhood characteristics that influence housing
prices. However, deeper analyses are needed to understand the effectiveness of specific factors
in a particular region or type of housing. Housing prices are influenced not only by these
attributes but also by economic factors (such as economic conditions, inflation, stock market
indices, etc.) and even demographic structures, as well as real estate market dynamics related
to supply and demand. The absence of these features from the model is another limitation of
the study, and considering these factors is important for a more comprehensive analysis.

Finally, in the study, new features were obtained by selecting subsets of original features using
the feature extraction method and creating combinations of these subsets, while also employing
correlation matrix and feature importance metrics for feature selection. When examining the
features in the model, it is observed that these features, which begin with "new_" (those
generated through feature extraction), make significant contributions to the model prediction.
However, alongside these features that provide a high contribution, it has been observed that
some features contribute very minimal or not at all to the model prediction according to SHAP
analysis. Among these features, the following have minimal to no contribution to the model
prediction or provide a few contributions: neighborhood (except Neighborhood Edwards),
location (except for accessibility to transportation facilities and proximity to main road or
railway - Conditionl_Norm), housing characteristics (housing style, roof type, roof material,
exterior covering, and exterior covering material quality), basement (basement height, overall
basement condition, basement exposure/walkout, basement finished area quality), heating and
electrical systems, interior features of the garage, and pool area. However, these features were
not eliminated from the model, nor was an investigation conducted into how model predictions
would be affected if they were eliminated. Principal Component Analysis (PCA) could be used
to reduce the dimensionality of the dataset by combining features that contribute minimally or
not at all to the prediction model. Subsequently, after PCA, these features could be eliminated
by examining the coefficients and variances of the resulting principal components. Thus, the
model could be simplified, diminishing the impact of complexity and insignificant features.
Based on the results of PCA, combining the least effective or non-influential features could lead
to the creation of new features during the feature engineering stage, thereby further enhancing
the model's performance. Particularly, principal components with higher variance in PCA are
generally considered more significant and contain more information (Timmerman, 2003).
Therefore, utilizing PCA as interpretable features may enhance the accuracy of housing
predictions and contribute to model development.
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Conclusion

This study highlights the importance of housing prediction and features, demonstrating the
significant role of data-driven methods in performance evaluation. The optimized hybrid
CatBoost and LightGBM model outperforms individual base ML algorithms with lower RMSE,
MAE, and MAPE, as well as better R2 performance results. Furthermore, it has been observed
that the ensemble model created with Bayesian hyperparameters exhibits better performance.
However, the processing time of the hybrid model is higher due to handling hyperparameters
for base learners and obtaining predictions, particularly considering the size of the dataset. It is
crucial to note that Bayesian hyperparameter optimization enhances the accuracy of the model
and prevents overfitting. Therefore, hyperparameter tuning should be performed for better
performance of the base learners, and comparisons should be made by applying different
hyperparameter optimization techniques. In the study, the features that have the most significant
impact on the predictions of the hybrid model are quality, area, porch, living area, circulation,
restoration, and garage features. However, it has been observed that certain features such as
neighborhood, location, decoration, heating and electrical systems, and pool area contribute
very minimal or nearly none to the model predictions. This research focuses on achieving a
clear understanding of the fundamental features influencing housing prices and developing a
precise prediction model by interpreting these features accurately. The research findings
provide a prediction model of sufficient accuracy that can help reduce uncertainties in the
housing market, enabling stakeholders, investors, and policymakers to improve their decision-
making processes with more informed choices. Furthermore, for further research, different
datasets from various regions and countries should be utilized, and the model's performance
should be evaluated in terms of accuracy and time complexity.
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Abstract

Deep learning methods have been widely employed in various fields in recent years. In the
literature, there are studies that focus on the detection of road cracks using deep learning-
based image segmentation methods. This study specifically addresses the applicability of road
crack detection through image segmentation methods within the context of Karadeniz Technical
University Campus. In this scope, the U-Net architecture, a convolutional neural network
model for image segmentation, was utilized for detecting cracks in the roads within the campus.
Images of the campus roads were compiled to create a suitable dataset, and the model was
trained using this dataset. Upon evaluating the trained model with test images, it was observed
that the detection of cracks in the campus roads was successfully achieved with high accuracy
in both mathematical and area visualization outputs. Consequently, utilizing data acquired
from the road infrastructure of Karadeniz Technical University Campus, a novel application
with the U-Net architecture has been employed for the detection of road cracks.

Keywords: deep learning, image segmentation, road crack detection, u-net.

Introduction

Cracks are one of the damage types that occur over time in highway infrastructure. Various
factors such as exposure to traffic load, soil movements, weather conditions, temperature
fluctuations, etc., can lead to cracks of different directions, forms, and sizes on roads. These
cracks pose a significant risk factor for traffic safety. Therefore, crack detection on roads is an
important issue that should not be overlooked, especially for traffic safety.

Periodic monitoring of cracks on roads helps in early detection. With early detection of cracks,
measures can be taken before cracks progress into deeper and wider forms, thus maintaining
traffic safety with less risk. Early crack detection is also crucial in terms of maintenance and
repair costs. Maintenance and repairs of cracks on roads can be carried out with less cost and
labor when cracks are smaller in size. Hence, the early and rapid detection of cracks emerges
as a necessity. In recent years, various responses to this necessity have been provided using
digital detection methods.

The detection of cracks on roads using artificial intelligence through digital methods has
become quite popular in recent years. Crack segmentation has been addressed using traditional
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image processing methods, followed by the development of deep learning methods, which have
yielded more efficient outputs in crack segmentation. In this study, crack detection on roads
was conducted using deep learning-based image segmentation with U-Net network. In this
context, studies conducted using deep learning-based image segmentation in the literature have
been examined, solely. Cheng et al. (2018) undertook a seminal investigation employing a deep
learning-based image segmentation methodology within the framework of the U-Net
architecture for the purpose of crack segmentation. Following this study, researchers evaluated
the crack detection performance of the new networks they developed by making some layer
changes in the U-Net network (Di Benedetto et al., 2023; Hong et al., 2022; Wu et al., 2023).
Furthermore, there exist studies that adopt architectures formulated and labeled by researchers
leveraging the U-Net design to attain robust crack detection outcomes. Illustratively, notable
instances encompass R2-AENet (Li et al., 2023), HC-Unet++ (Cao et al., 2023), U-VGG19
(Rill-Garcia et al., 2022), MRA-UNet (Gao & Tong, 2023), PDDNet (Zhong et al., 2024), CU-
Net, and FU-Net (Gao et al., 2019), among others. In addition, as well as the U-Net architecture,
different model proposals have been encountered that are created with their own network
structures and can achieve efficient results in detecting road cracks. These proposals encompass
the segmentation model named FPHBN, conceived by Yang et al. (2020), the DBPNet model
advocated by Wang et al. (2023), and the Shuff-BiseNet network model (Wang et al., 2023).
Literature also encompasses studies engaging in crack detection using segmentation networks
diverging from the U-Net framework. For instance, Ji et al. (2021) performed crack detection
on road surfaces employing the DeepLabv3+ architecture, while concurrently contributing a
study centered on the precise measurement of crack dimensions. Another model,
ParallelResNet, proposed by Fan et al. (2022), concentrates on crack measurement alongside
crack detection. In their study, Chong et al. (2024) not only focused on detecting cracks and
sizing them but also provided insights into repair and maintenance strategies for cracks. In this
regard, this study has emphasized determining feasible crack maintenance strategies and
investigating maintenance costs utilizing the U-Net network. Lastly, the study by Qiu et al.
(2023) stands out within the research landscape due to its utilization of a distinct image
typology. This study presents a method tailored for extracting cracks in infrared images of
pavement surfaces, drawing inspiration from the U-Net and ResNet-34 network architectures.

Methodology
In this study, deep learning-based image segmentation method is used to detect the cracks that
have occurred over time on the roads in Karadeniz Technical University Campus. The steps of

the study are determined as data collection, image masking, model training and model testing
as shown in Figure 1.
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Figure 1: The methodology of the study.

Data Collection

A total of 500 crack images were obtained from the roads in Karadeniz Technical University
Campus to be used in the training and testing phases of the model (Figure 2). These images
were taken with the Smartphone Xiaomi Redmi Note 8 Pro which has 64 MP camera resolution
feature with the help of the setup shown in Figure 3. While obtaining the images, the height of
the setup from the ground was determined as 97 cm and this height is taken constant in each
photograph. The area of each image was determined as 61,25 cm x 45,5cm. Out of 500 images,
450 images are used for model training and 50 images are used for model testing. At this point,
the images constituting the dataset are randomly distributed, with 90% allocated for training
and 10% for testing. All images used in the study are taken personally by the authors.
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Figure 2: Sampling of crack images obtained from the roads in Karadeniz Technical
University Campus.
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Figure 3: Visualization of the setup.

Image Masking

The training dataset used for model training consists of input and output images. Original
images containing cracks on the roads within the campus are utilized as inputs, while their
masked images serve as outputs. Masked images were obtained by identifying and painting the
crack areas in the original images. Accordingly, cracks present in all road images are painted
white, while the rest of the image is painted black. Examples of original images and the masked
images obtained by painting the cracks are provided in Table 1.

Table 1. Examples of original images and masked images of the roads in KTU Campus.

NS

Accuracy Assessment

Original
images

Masked
images

There are various measurement metrics used to evaluate model performance. In this study, three
different measurement metrics have been employed to assess model performance: accuracy,
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loss, and intersection over union (loU). These measurement metrics can take values between 0
and 1. Accuracy denotes the ratio of correctly identified instances by the algorithm to all
instances. As the accuracy value approaches 1, it is observed that the model's prediction ability
improves. Loss is defined as the measurement metric that gives the difference between the true
value and the value predicted by the model. Unlike the accuracy metric, as the loss value
approaches 0, it is observed that the model's prediction ability improves. The loU metric
represents the ratio of the intersections of the combination of the class space determined by the
algorithm and the class space that is actually true. Similar to the accuracy metric, as the loU
metric value approaches 1, it is observed that the model's prediction ability improves
(Semercioglu, 2022).

Results and Discussion

Model Training

Google Colab Notebook with virtual GPU, a free cloud service, is used for the training of the
model. Colab is powered by Intel Xeon Processor with two cores @ 2.20 GHz and 13GB RAM.
The model is trained with 450 images allocated for model training. In the study, the epoch is
determined as 50 and the particle size is determined as 16. The analysis is trained in 8 minutes.

The graph depicting the accuracy-loss values achieved as a result of model training through
analysis is shown in Figure 4. In this graph, the orange curve represents the training accuracy,
while the blue curve represents the training loss rate. The loss-accuracy values reached by the
analysis as a result of model training are presented in Table 2. Evaluation of the attained
accuracy-loss values indicates that the model exhibits high predictive capability.

10

0a

0.5
— fraining_loss

fraining_accuracy
04

0.z

0.0

o 20 40 60 B0 100

Figure 4: Loss-accuracy graph of analysis.

Table 2. Loss and accuracy values of analysis.

Training values
Loss 0,0104
Accuracy 0,9951
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In Figure 5, original image samples from the training data are juxtaposed with masked and
predicted image samples for comparison. The images are compiled from samples reaching
various loU values. The model's average validated loU value achieved with the training dataset
is calculated as 0.92. This value, nearing 1, demonstrates that the model possesses a
significantly high predictive capability.

Image #2  Image #9  Image #16 Image #24 |mage #32 Image #40 Image #45
IOU 0.96 IOU 0.95 IOU 0.91 IOU 0.92 IOU 0.96 10U 0.84 10U 0.91

Predict

W

Figure 5: Original, masked and predicted image samples of analysis.

Model Testing

A test dataset consisting of 50 images was created to evaluate the performance of the trained
model, and the model was tested with these images. In order to achieve a more objective
evaluation, particular attention was paid to ensuring that the images composing the dataset were
unseen by the model before. The measurement metric considered in the test evaluations is the
average validate loU metric. The analysis found the test average validation loU value to be
0.69. Upon examining the average validation loU values captured by the model during training
and testing phases, it is once again evident that the model's predictive ability is quite high.
Although the test average validation loU value (0.69) falls short of the average validation loU
value during training (0.92), it still demonstrates a successful outcome. If the number of images
composing the test dataset is increased, the test average validation loU value will approach the
training average validation loU value even more closely. The outputs obtained by the model in
the test are presented in Figure 6.
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Figure 6: Results of test images for analysis.

Conclusions

In this study, automatic detection of cracks that have formed over time on the roads within the
Karadeniz Technical University Campus was carried out using a deep learning-based
segmentation method. In this context, the U-Net architecture was utilized. The findings of the
study have demonstrated the successful applicability of the U-Net architecture in detecting
cracks on the roads within the Karadeniz Technical University Campus. The automatic
detection of cracks on campus roads can be evaluated by the university authorities, especially
in situations requiring immediate repair or during periodic road maintenance periods. In the
future, the scope of this study can be expanded to include the calculation of crack sizes using
the data obtained from campus pathways, in addition to crack detection. Also, the most
economical scenarios for maintenance and repair costs of these cracks can also be examined.
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Abstract

Today, the construction industry is faced with increasingly complex projects, creating the need
for more effective and efficient processes. These challenges highlight the construction
industry’s need for digital transformation. Digital transformation moves the construction
industry away from traditional business models and allows it to evolve towards a more
innovative and technology-driven future. This evolution enables stakeholders in the sector to
realize more effective, efficient and sustainable projects. In addition, digital transformation
provides positive contributions to the construction industry such as cost reduction, process
improvements, productivity and quality increases. Despite these positive contributions, the
construction industry is known to be resistant to adopting digital transformation. At this point,
studies that reveal the strategies that will enable adaptation to digital transformation for the
construction sector, where the impact of digitalization remains low compared to other sectors,
gain importance. This study aims to summarize effective strategies to promote digital
transformation for Turkish construction industry through a comprehensive literature review.
The study which identifies strategies not only only has the potential to guide stakeholders in the
sector in their digital transformation journey but also aims to make significant contributions to
the studies on strategies that will support adaption to digital transformation in the construction
sector.

Keywords: construction industry, digitalization, digital transformation, strategy, technology.

Introduction

In order to properly understand and position the concept of digital transformation, it is important
to define it. Currently, there is no generally accepted definition of digital transformation.
Moreover, the concepts of digitalization and digitization are used interchangeably with digital
transformation (Schallmo et al., 2017). However, Verhoef et al. (2021) defined these concepts
as stages of digital transformation. According to this definition, digital transformation consists
of three stages. These are digitization, digitalization and digital transformation.

Digital transformation is the process of reshaping and improving the business processes of
businesses and society by using digital technologies with the advancement of technology.
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Furjan et al. (2020) defines digital transformation as a technology-driven change process and
refers to digital technology-based improvements in business processes. As a highly influential
concept and process, digital transformation can transform all areas of human life, significantly
impacting markets such as the construction industry, where digital technologies are highly
utilized (Wang et al., 2022). In the construction industry, digitalization is often applied in
construction projects, representing the stage of necessity to move towards company and
industry-wide digital transformation (Wernicke et al., 2023). Adekunle et al. (2021) explained
the purpose of digital transformation as increasing construction output and efficiency to achieve
project outcomes and better customer satisfaction, and stated that digital transformation in the
construction industry will occur through the adoption of information, informatic,
communication and connectivity technologies. Zhang et al. (2023) defined digital
transformation in the construction industry as the process of implementing digital technology
to promote digital changes in production methods and organizational models across the
industry.

In the digital age we live in, it is unthinkable that the construction industry will not be affected
by digital transformation. A number of challenges in the construction industry, such as the
complexity of projects, the presence of a large number of stakeholders, the multiplicity and
inconsistency of regulatory resources, the variety of available software and technology, gaps in
information systems, and the incompatibility of digitalization plans, necessitate digital
transformation (Panenkov et al., 2021). Digital transformation presents a new opportunity to
enhance the efficiency of construction organizations by continuously optimizing the entire
lifecycle of building products, regardless of the company's role within the production, sales, or
service chain (lvanov & Fedoseeva, 2023). There is a need for resources to guide companies in
this process. This study was conducted to identify effective strategies to promote digital
transformation in the Turkish construction industry.

Studies on Digital Technologies

Technologies that enable the digital transformation of the construction industry are technologies
such as 10T, BIM, VR, AR, big data. There are many studies in the literature on the benefits of
these technologies. For example, Shojaei (2019) examined the use of blockchain technology in
the construction industry. Bilal et al. (2016) identified the challenges of using big data in the
construction industry. Shin & Dunston (2008) presented a comprehensive study identifying
augmented reality application areas in the construction industry. Bello et al. (2021) explained
the current and future application areas of cloud computing technology in the construction
industry, as well as identifying barriers to wider adoption of this technology and strategies to
overcome these barriers.

Despite the number of studies on the benefits of digital technologies, a stronger background is
needed to realize digital transformation in the construction industry. As Adekunle et al. (2021)
argue, digital transformation is not just about digital technologies but affects every aspect of
human endeavor. Therefore, digitalization in the construction industry can be successfully
realized by addressing social and technical aspects in a comprehensive manner (Liu et al.,
2023). At this point, strategies will be a tool to link digital transformation in the construction
industry to stakeholder acceptance (Dolla et al., 2023).
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Accordingly, this study aims to identify effective strategies to support adaptation to digital
transformation in the Turkish construction industry and to provide a resource to guide
stakeholders and companies in the industry in their digital transformation processes.

Research Method

The research includes how digital transformation strategies are addressed in the literature, focus
groups and semi-structured interviews to understand and impact of strategies on the Turkish
construction industry. Research method is shown in the Figure 1.

Literature review about digital Evaluation of

transformation strategies in the |———e| prominent —e

construction industry strategies in the —
literature

Identifiying focus group in the Sele_ct_ion of

Turkish construction sector | participants based | —e

.

Conducting semi structured Analysing records

interviews ——eo| andevaluatingthe |—e@
impact of each —
strategy

Figure 1: Flow chart of the research.

Identifying digital transformation strategies in literature

This study is based on a recent research that examines digital transformation strategies in depth.
Dolla et al. (2023) emphasized the necessity of various strategies in their study on digitalization
in the construction industry and proposed 13 strategies. They categorized these strategies under
the headings of organization, people, process and data. Based on this study, the literature was
examined more extensively, and three different strategies frequently mentioned in different
publications were integrated into the study. The first two of them [S1 (Merschbrock &
Munkvold, 2015; Suprun & Stewart, 2015; Ezeokoli et al., 2016; Oesterreich & Teuteberg,
2016; Papadonikolaki, 2018) and S2 (Stewart & Mohamed, 2004; Smith, 2014; Suprun &
Stewart, 2015; Oesterreich & Teuteberg, 2016; Pan & Pan, 2020; Hwang et al, 2022; Zhang et
al., 2023)] are government-related and grouped separately, while the third one S9 (Stewart &
Mohamed, 2004; Oesterreich & Teuteberg, 2016; Papadonikolaki, 2018; Aghimien et al., 2020)
is included in organization-related strategies. The strategies considered are shown in Table 1.
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Experts were then interviewed to understand the implications of these strategies in the context
of the Turkish construction sector.

Table 1. Strategies to promote adoption of digital transformation.

Category Code | Strategy
strategies related to | S1 standards and legal framework
government S2 financial incentives
strategies related to | S3 a long-drawn digitalisation strategy
organization S4 mandates and top-down approach
S5 scout teams and external collaborations
S6 cross-functional teams
S7 process champion
S8 training efforts

S9 digital partnership

strategies related to people S10 benefit projection and empathy

S11 stakeholder integration

S12 influencing total team climate

strategies related to process | S13 process re-engineering

S14 customising the requirements

strategies related to data S15 real-time data-driven problem diagnostics
S16 federated data

Focus Group

Semi-structured interviews were conducted with industry professionals to understand the
impact of the 16 strategies derived from the literature on the Turkish construction industry. In
order to obtain a comprehensive perspective, diversity of participants was emphasized to
represent the various perspectives, experiences and needs of different groups. Participants were
only included if they had experience with digital technologies and digital transformation in the
construction industry. Experience and credentials are shown in Table 2 and Table 3. The
experience given here in years is the expert's total experience as a practitioner in the
construction industry.

Table 2. Information of experts.

Code Job Exp. Years Industry

Expert 1 | Civil Engineer 12 Private Sector
Expert 2 | Civil Engineer 13 Private Sector
Expert 3 | Electrical Engineer 14 Private Sector
Expert 4 | Architect 23 Public Sector
Expert 5 | Mechanical Engineer 18 Private Sector
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Table 3. Summary of experience.

Code Summary of experience

Expert 1 | The expert works as the chairman of the board of a private organization to realize
the digitalization of the Turkish construction sector and also as the director of the
project management office in one of the leading companies in the sector.
Moreover, expert has conducted significant academic studies to prepare and
apply Turkey's digital transformation roadmap.

Expert2 | The expert works in the digital transformation department of a project
management company in areas such as software research, digital construction
technologies and integration of BIM-related processes.

Expert 3 | Expert is a co-founder of a company working for digitalization of construction
projects. Expert has been involved in the digitalization processes of many
domestic and international projects in the three main sub-divisions of the
construction sector that is superstructure, infrastructure and energy.

Expert 4 | Expert represents the public sector. Expert has worked in various roles in public
construction projects for many years. Expert has conducted awareness trainings
with organizations leading Turkey's digital transformation in order to spread the
awareness of digital processes in the unit where expert worked.

Expert5 | Expert has a wide range of experience in the construction industry, from
implementation to project management. Expert has worked on many international
projects. Expert is currently working as a general manager in a local company.
Expert is the digital transformation director of an organization leading the
digitalization of the Turkish construction industry.

Semi- Structured Interviews

Five professionals experienced in digital transformation in the Turkish construction industry
were interviewed. For each strategy, the experts were asked about the contribution of the
strategy to the digital transformation of the company and were asked to give a score between 1
(very low) and 5 (very high).

Semi-structured interviews were conducted online or face-to-face depending on the availability
of the expert. For online interviews, the meeting link from the Zoom application was sent to the
participants via e-mail. The interviews were completed in approximately 55-90 minutes. With
the approval of the experts, video/audio recordings were taken during the interviews.

Focus Group Findings

In the interviews with experts, strategies were translated into meaningful sentences. For
example, for the first strategy, a statement such as "In order for digital transformation to be
successful; standards and legal framework for digital transformation of companies should be
established by the government and official organizations." was quoted. Then, the experts were
asked about the contribution of this strategy to a firm that wants to digitalize; they were asked
to rate the degree of impact from 1 (very low) to 5 (very high). The scores given by the experts
for the strategies are given in Table 4.
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Table 4: Grade of experts.
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Experts are agreed about the contribution of strategy S1. Most of the experts consider this
strategy to be a major driver as it makes digital transformation mandatory for firms.

For the strategy coded S2, experts are of the opinion that it is supportive of transformation.
Expert 3 stated that it is difficult for the government to monitor the use and results of the
incentives and supports provided and that this process is comprehensive and complex.

For the strategy coded S3; Expert 1 and Expert 4 found it critical that each company should
determine a special road map in accordance with its own business method and dynamics in
digitalization processes.

For the strategy coded S4, experts agree that it is an effective strategy. Experts considered that
one of the most important driving forces for digital transformation is the determination of senior
management. Expert 2 stated that transformation would not be possible without the support of
senior managers.

For the strategy coded S5, the experts are in close agreement. Expert 2 argued that in the
transformation process, it is more supportive for companies to have these teams within the
companies rather than IT experts who do not know the sector-specific problems and processes.

For the strategy coded S6, again the experts were in close agreement. Expert 1 stated that the
development of collaborative teams offers companies the opportunity to increase teamwork and
perspectives from different disciplines.

For the strategy coded S7, the experts are again similar. The presence of a leader was considered
important and effective by the experts due to its contributions such as raising awareness of the
teams and managers who will be subject to the process, motivating, supporting and ensuring
the progress of the process. Differently, Expert 5 emphasized that digital transformation is not
the work of only one part of the company and that the appointment of a leader does not mean
that the company can manage the process.

For the strategy coded S8, most of the experts argued that training activities are mandatory for
adaptation to the digital transformation process.

There are different opinions for the strategy coded S9. Experts 2 and 3 mentioned that it would
contribute positively to firms in terms of sharing risks. Expert 5, on the other hand, did not find
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it realistic that firms in the construction sector would share too much data with each other, and
although he stated that this strategy would contribute to the transformation process such as
sharing costs and working with a more professional structure, he evaluated its impact as low.

Experts have different opinions for the strategy coded S10. Expert 3 emphasized that this
strategy is the most important strategy, stating that all stakeholders will embrace the
transformation process when the benefits they provide to them are conveyed. Experts 1 and 5,
on the other hand, approved the benefit transfer part of the strategy, but not the empathy part,
and argued that the transformation process should be more prescriptive.

For the strategy coded S11, there are both common and different opinions. Expert 1, who argues
that the strategy is effective for the digital transformation of the company, emphasizes that this
strategy facilitates compliance with international standards, enabling companies and personnel
to compete on a global scale, and that this integration reduces costs such as software and makes
it possible to receive more appropriate and quality services. Expert 2 did not see the integration
of all stakeholders as critical for the digital transformation of the company; he stated that it
would only increase the success of the project.

For the contribution of strategy S12, expert 3 emphasized that it enabled the project to proceed
efficiently and thus prevented errors and costly delays in the design, revision and manufacturing
processes. Expert 5 stated that team members feel that they are part of a common journey and
that it will contribute to creating an environment that encourages collaboration and innovation
by moving forward together.

There are different opinions for the strategy coded S13. Experts who found this strategy
effective emphasized that it would bring great success and efficiency to the company. In
contrast, Expert 5 stated that it is important to blend old processes with new processes,
otherwise sudden changes can be risky and disruptive for construction companies.

Some experts evaluated the strategy coded S14 as high impact and some as low impact. Expert
2, who stated that it was high impact, interpreted this strategy as an inevitable situation that is
already in the nature of digital transformation. Expert 5 stated that customizations should not
be done in the first place, and should be done after using the tools offered by the ecosystem
effectively and measuring its success, otherwise it may jeopardize the company and the digital
transformation process.

Most experts agreed with the strategy coded S15. Expert 1 stated that this strategy provides
great benefit in process management. Expert 5 emphasized the need to define a problem for the
process and stated that proper process management integrated with data is important.

For the strategy coded S16, the experts are in consensus. Expert 1 stated that having instant and
authorized access to data is the basis of digitalization, which saves time by reducing
communication problems, and that centralizing and managing data is of great importance in
projects.

Conclusions

The results of this study which was conducted to identify effective strategies for the
digitalization of the Turkish construction industry, reveal that digital transformation strategies
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show variable effects in different categories. In particular, government policies and regulations,
organizational structure and data-driven strategies contribute more to digital transformation.
Standards and legal framework, mandates and top-down approach, and federated data were
highly rated as the most effective strategies. These strategies show that government policies
and regulations are an important contributor to digital transformation and that support and
guidance from top management is critical for transformation. It is a meaningful finding that
standards and legal frameworks are identified as an effective strategy as they support digital
transformation by providing a certain order, guidance and obligation. Similarly, goals and
policies set by top management can accelerate the digitalization process by increasing employee
motivation. A federated database that enables real-time data access is the foundation of
digitalization.

Other strategies that play an important role in digital transformation include a long-drawn
digitalization strategy and training efforts. These strategies emphasize the importance of a
comprehensive roadmap for the transformation process and the development of staff digital
skills. A long-drawn digitalization strategy ensures that the process is managed with a specific
roadmap. This strategy is an effective strategy as it will enable companies to create a plan for
their future goals and determine the steps to achieve these goals. Similarly, training is a way for
employees to adapt to the digital transformation process. Through training, employees can see
the benefits of the process and can be motivated in this way.

At the same time, organizational and data-driven approaches, such as cross-functional teams
and real-time data-driven problem diagnostics, make transformation more effective and
demonstrate the powerful impact of organizational structure and data on transformation.
Bringing together various disciplines increases the potential to generate innovative solutions
and solve complex problems more effectively. These teams combine different perspectives and
encourage collaboration for the success of digital transformation projects. Data-driven problem
diagnosis makes it possible to instantly identify problems and generate solutions using real-
time data analysis. This can increase project efficiency and reduce costs in the construction
industry.

On the other hand, strategies in the people and process categories score lower, indicating limited
contribution of these areas to digital transformation. These results are surprising. Digital
transformation causes radical changes in business processes and requires the adoption of new
technologies. It is people who will adopt and disseminate these technologies. Therefore,
strategies to encourage the active participation of employees in the process should be
considered. Similarly, since transformation will lead to changes in business processes, it is
important to know how to manage the process on the digital transformation journey.

The results reveal that the government and top management are influential in the Turkish
construction industry. It is understood that legal frameworks and strategic guidance play a major
role in the process. On the other hand, looking at the scores given for the strategies in general,
it is understood that each of them are important points for digital transformation. This highlights
the importance of taking a balanced approach and focusing on all categories in the digital
transformation process.

In conclusion, government, organization and data-driven strategies make the greatest
contribution to digital transformation. However, since the impact of strategies in the people and
process categories is more limited, it is important to adopt a balanced focus on all categories in
the digital transformation process.
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Abstract

The construction industry has belatedly turned to digital tools to solve efficiency and
productivity issues. Along with numerous advantages, a new challenge has arisen in the form
of more complex and uncontrollable data volumes. While serving as a backbone in the
industry's digitalization journey, BIM is often perceived as nothing more than a -smart-
modeling software, even though it started as a more advanced project and data management
"methodology” that could respond to this challenge. To correct this misunderstanding and
unlock the true potential of BIM, standards and guidelines have begun to emphasize a new
concept that prevents data loss, provides a seamless communication flow and enables a
collaborative project atmosphere. Therefore, this paper aims to comprehensively present the
interaction of this so-called "common data environment™ -or CDE- with BIM and explore its
broad applicability and implications. In this way, the concept of a common data environment
will be more frequently considered in the industry, and BIM's true purpose will be highlighted.
It will also inform researchers and practitioners of the trends and gaps and provide a more
profound exchange of ideas in all future research efforts.

Keywords: building information modeling (BIM), common data environment (CDE), database,
information management

Introduction

The Architecture, Engineering, Construction, and Operation (AECO) industry's bad reputation
for productivity and efficiency, backed by reports from global consulting companies such as
McKinsey and KPMG, has been recognized by all industry professionals. The construction
management literature often attributes this poor reputation to the fact that the industry is low-
tech, still based on traditional techniques, and has adopted a traditional management approach
that results in high levels of data loss (Choudhry, 2017; Craveiro et al., 2019; Li et al., 2019;
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Opoku et al., 2021). Industrial revolutions have facilitated and improved management strategies
and manufacturing methods throughout history. Industry 4.0, the current industrial revolution,
aims to integrate physical environments with digital ecosystems (Sepasgozar, 2021). With mass
production industries finding solutions in information technology for many years to enable
better management of their products, the AECO industry has also started to explore digital
technologies to overcome its efficiency and productivity issues. (Cimino et al., 2019).

With the adoption of new technologies and the massive increase in data produced on a typical
construction project, better management has become necessary. However, neglect of this
situation in the industry has led to greater problems in terms of productivity and efficiency in
data usage (Ruperto & Strappini, 2021). Additionally, according to Kiu et al. (2024) and Jaskula
etal. (2023), another reason for this massive increase in data is that construction projects usually
involve a wide range of stakeholders communicating at various phases of the project life cycle.
Therefore, effective data management is vital for every construction organization. Fortunately,
in the twenty-first century, every professional understands the value of collaboration and the
utilization of any data to enhance management procedures. According to Ruperto and Strappini
(2021), organizations are progressively operating inside novel collaborative environments to
attain elevated standards of excellence and improved efficiency by reusing pre-existing
knowledge and expertise. Playing the backbone role in the digitalization journey of the AECO
industry, Building Information Modelling (BIM) is a technique for streamlining the building
management process by employing a digital, three-dimensional model of the project. BIM,
which promotes efficiency by allowing several disciplines to collaborate and manage data in a
digital environment, has been extensively discussed in the literature over the past 20 years due
to its various options. However, the AECO industry faces several obstacles to fully exploiting
BIM’s collaboration and data management potential. At this point, a new concept defined by
standards and guidelines, Common Data Environment (CDE), is considered the basis of data
management processes in BIM-based project delivery. (Jaskula et al., 2023; BSI, 2021).
Nevertheless, the shortage of literature on digital collaboration through CDE makes it more
difficult for the AECO industry to strategically encourage the adoption of current and emerging
technologies. These problems also point to a lack of knowledge regarding the background of
CDE as a strategy for forming an integrated digital collaboration in the industry (Tan et al.,
2023).

In light of this, the purpose of this paper is to evaluate the literature on CDE in construction
management, to clarify how it interacts with BIM, and to investigate how it may remove barriers
to BIM's full potential, which can enhance the industry's poor data management and
collaboration environment.

To develop and validate the framework, this paper adopted integrative or critical review as a
qualitative research methodology. To foster the emergence of newly developed theoretical
frameworks and viewpoints, an integrative review attempts to evaluate, analyze, and synthesize
the literature (Torraco, 2005). Since this type of review typically aims to combine perspectives
and insights from many fields or research traditions rather than to cover every article ever
published on the subject, it frequently calls for a more inventive approach to data collection
(Snyder, 2019). In this paper, Scopus was chosen because it outperforms other databases in
terms of its wider coverage of scientific articles (Akinlolu et al., 2022; Chadegani et al., 2013),
and 29 relevant research papers were utilized using multiple search queries.
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Data Management in Construction 4.0

The management of construction projects is an intricate and demanding process by nature.
Following the ideas of Industry 4.0, Construction 4.0 can be defined as integrating automation
and the latest digital technologies into the AECO industry to enhance management and increase
productivity, sustainability, safety, and efficiency. Although it overcomes traditional challenges
with its key components such as BIM, internet of things platforms, artificial intelligence, and
extended reality technologies, it has also brought with it a new challenge of increased volume,
velocity, and variety of data produced and their adequate control, privacy, and security.
Inadequate system control results in higher project expenses, longer project timelines, lower
productivity, and lost profits. According to Radl and Kaiser (2019), providing accurate and up-
to-date data to the person performing the task or process while preventing the data from being
unstructured, chaotic, poorly coordinated, and dispersed is crucial.

Building Information Modeling

BIM is one of the most frequently utilized methods in construction projects globally. It makes
managing a structure and all its assets easier by using a digital, three-dimensional representation
of the building (Akturk, 2022). Goyal et al. (2020) define BIM as designing, constructing,
operating, and maintaining a facility effectively and on schedule by exchanging data with
stakeholders and project teams through an information-rich 3D model. According to Patacas et
al. (2020), BIM tools, procedures, and standards offer the chance to efficiently manage data
transfers across the construction project’s entire life cycle. Also, according to Seidenschnur et
al. (2022), it is the practice of generating and managing clearly specified building data to
provide a shared database for stakeholders. From conceptual design to the operation and
maintenance phase, it serves as a platform for maintaining an accurate and interoperable record
of building information (Khajavi et al., 2019). Moreover, it has made it easy for stakeholders
to exchange data, communicate and collaborate in real time (Jang et al., 2021; Onungwa et al.,
2021). Along with enhancing data management and maintaining coordination, many
researchers worldwide have also identified numerous benefits of BIM, such as fostering a
culture of teamwork within project teams to boost profitability, lower costs, optimize time
management, and fortify customer relationships; elaborating quality; enhancing productivity;
and improving performance throughout the entire construction project life cycle (Chen et al.,
2023; Shalaka Hire et al., 2021; Mesaros et al., 2022). During the planning phase, it facilitates
the efficient and fast determination of the optimal solution from various options (Li etal., 2012).
It saves the project team time by allowing them to assess the space while comprehending the
data complexity of space standards and land legislation (Hire et al., 2021). In addition to
estimation, site coordination, and constructability analysis applications in the pre-construction
phase, it is also utilized in the design phase to improve quality, minimize design errors, missing
and clash, and so forth (Hire et al., 2021; Jang et al., 2021). BIM enables project progress
tracking during construction using 4D plans, change orders, and punch list data embedded in
the model (Hire et al., 2021; Jang et al., 2021). Thus, it allows to represent the construction
process virtually, simulate the allocation of costs and resources, update the construction plan
regularly, and strengthen the rationality of the construction (Jiang et al., 2021; Akturk, 2022).
Since BIM acts as a single intelligent source containing all data of the building and its
components such as manufacturer, material, price, supply, etc., its applications in the later
phases of the construction project life cycle have been discussed in numerous studies (Coupry
et al., 2021; Falcdo Silva & Couto, 2021; Fargnoli et al., 2019; Zhou, 2022). Advanced data
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management improves the performance of facility management, with a particular focus on
optimizing maintenance operations.

As the above illustrates, coordination, communication, and collaboration are principles of BIM
(Liu et al., 2015). However, despite significant advances and widespread adoption of BIM in
the AECO industry, the full potential of BIM for collaborative working and data management
is still not being exploited (Wong et al., 2020). The literature has articulated the various factors
that cause this. Resistant of construction companies to innovation (Krasovskaya et al., 2022),
lack of skilled workforce (Uzairuddin & Jaiswal, 2022), and financial barriers to investment
(Georgiadou, 2019) are examples of these factors. Data management and its related challenges
are also examined among the most important factors (Hwang et al., 2022). Seidenschnur et al.
(2022) claim that issues such as most current workflows being manual or only partially
automated and utilizing conventional spreadsheets prevent BIM from being utilized to its full
potential. Azhar (2011), on the other hand, raised subjects such as interoperability, data control,
data ownership, and contractual concerns such as copyright and licensing issues. Furthermore,
during their interviews with maintenance personnel, Ghorbani et al. (2022) mentioned that these
issues resulted in data loss during the delivery phases, and BIM was unable to perform its full
potential. Data management and collaboration elements at different levels have led to classify
BIM’s level of maturity.

The degree of BIM implementation and maturity levels are called the collaboration level and
collaborative environment. Creating and exchanging data among every stakeholder
participating in a project is the basis of collaboration (Odriozola et al., 2022). In other words,
BIM-based collaboration between stakeholders is defined by BIM maturity levels
(Seidenschnur et al., 2022; Succar et al., 2012). The National Building Specification divides
BIM maturity into four levels:

= Level 0 corresponds to almost no collaboration. CAD information is shared from different
sources (Brunone et al., 2021).

= Level 1 corresponds to a central repository that enables all data from the project to be stored
and exchanged digitally without a common data format. The data can be documents or files
created in the BIM environment or not, and in any format (Odriozola et al., 2022).

= Level 2 requires a collaborative flow by implementing common data formats such as IFC
in a multidisciplinary 'model-based' collaborative project framework (Brunone et al., 2021;
Succar et al., 2012).

= Finally, level 3 corresponds to the maximum degree of collaboration with full integration,
where all stakeholders collaborate with a common model in a network-based CDE
(Seidenschnur et al., 2022). At this stage, the object-based models are shared with at least
two other disciplines via CDE linked to external databases (Succar et al., 2012).

Common Data Environment

It is impossible to discuss BIM without considering the guidelines and standards that allow
users to develop and implement BIM efficiently and consistently (Liu et al., 2015; Odriozola et
al., 2022). The ISO 19650 series is an international standard that outlines requirements and
principles for data management throughout the life cycle of a construction project in the AECO
industry. It is closely related to BS1192 and PAS 1192, which were withdrawn in 2018. The
British Standards Institution released BS 1192:2007 to offer guidelines that facilitate
collaboration by outlining the rules for data modeling, exchange, and publication (Liu et al.,
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2015). The data management is outlined in PAS 1192-2 and PAS 1192-3, respectively. These
standards apply to all stakeholders gathering and using data throughout a construction project.

A common working scenario for data management, defined as a CDE in ISO 19650, is a
minimum requirement for multidisciplinary collaboration (Schimanski et al., 2021). This allows
model collaboration to be supported by following predefined protocols. ISO 19650 addresses
the BIM-based delivery of AECO projects with two parts: project management and information
delivery. According to Preidel et al. (2018), project management covers all the procedures
required to initiate a BIM project and the subsequent contractual and tendering procedures,
including creating the BIM Execution Plan. In contrast, information delivery covers all the
procedures required for creating and delivering a model, including using a CDE. CDE is a
central repository for creating, managing, evaluating and sharing construction project data. It
keeps track of every domain-specific partial model and document required for project
collaboration and execution, and all project stakeholders collect input data from the CDE and
store their output data in it (Preidel et al., 2018). The CDE's contents are not restricted to assets
made in "BIM environments."” It consists of documentation, graphical and non-graphical assets
(Akoab et al., 2019). By establishing bi-directional connections between the database model and
simulation services, CDE ensures that stakeholders use the most up-to-date model to simulate
or make decisions (Seidenschnur et al., 2022). It allows the creation of a shared workspace, a
plan for data exchange, granting roles and permissions, and collaboration (Odriozola et al.,
2022). To provide a more understandable definition of CDE, Bedoiseau et al. (2022) have
developed a 4-level classification (Jaskula et al., 2023): Level 0 is a pre-version beyond digital
solutions; Level 1 is defined as an EDMS that does not provide direct BIM editing but meets
ISO19650 requirements; Level 2 is defined as a developed level since it has additional
capabilities like clash detection, multidisciplinary collaboration, BIM editing, and a version-
control system for workflows involving inspections and authorization; a unified,
multidisciplinary BIM model that facilitates model creation and editing as well as synchronous
communication within the system is defined as a Level 3 CDE.

The primary goal of the CDE is to foster continuous collaboration by acting as a data
management system while simultaneously being an accessible platform for seamless data
exchange. To accomplish this goal, all stakeholders must adopt policies and techniques to
guarantee the quality of the data in the system. Most important, according to Preidel et al.
(2018), is the assignment of formal states to individual data elements and the definition of
quality control policies performed following each state change to manage the maturity and
reliability of data provided appropriately. In addition to data quality, Ruperto and Strappini
(2021) argue that data transparency, reducing data redundancy, and mitigating the risks
associated with data duplication are issues that need to be approached sensitively by
stakeholders. Odriozola et al. (2022) explained the requirements that CDE should fulfil
according to ISO 19650 in 8 items: Each data container has a unique 1D and its authorship; each
file is graded according to its status (work in progress, shared work, published work, archived
work); each file is graded according to its revision; each file is graded according to its
classification; the working directory is properly structured into folders; the delivery plan is
specified, reflecting important agreed dates or milestones; there are compatible data exchange
formats; and each of the roles involved in the project is identified to whom the relevant
permissions will be granted. In addition, Vlasak and Cerbak (2019) also noted that the ability
to display an infinite number of data reference models in a particular collaboration view and
the capacity to use the CDE environment itself to display models primarily in IFC format is an
emerging requirement.
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Discussion

According to Goyal et al. (2020), it is different from what has been accomplished in the current
construction process method to have all the information required for the project created,
distributed, and centrally stored. However, to achieve this development and effectively link
construction operations, use the data in both directions and coordinate the entire project
digitally, there needs to be a high degree of interconnection and compatibility across the various
applications project stakeholders use. BIM is designed as a construction methodology that
offers numerous advantages for data management, enabling collaboration, coordination, and
compatibility between stakeholders to be carried out in a common database throughout the
construction project life cycle (Azhar, 2011; Jang et al., 2021; Khajavi et al., 2019; I. O.
Onungwa et al., 2017; Patacas et al., 2020; Seidenschnur et al., 2022). However, as revealed in
this study, the literature shows that the full potential of BIM for collaborative working and data
management is still not being exploited due to various factors (Georgiadou, 2019; Ghorbani et
al., 2022; Hwang et al., 2022; Krasovskaya et al., 2022; Uzairuddin & Jaiswal, 2022; Wong et
al., 2020). Thus, BIM is trying to move the AECO industry forward as an innovation that has
gone beyond its original design purpose and fallen short of its potential. This situation leads to
the implementation of BIM at different maturity levels, causing data losses and interruptions in
collaboration.

CDE serves as the basis for a clear framework for collaboration and data management among
all project stakeholders. For an appropriate BIM implementation, literature contends that CDE
features like file naming or folder structure arrangements, automating reviews and approvals,
assigning roles and responsibilities, connecting structured and unstructured data and requests,
availability of data created in various formats, and creation of audit trails are essential (Akob et
al., 2019; Odriozola et al., 2022). Many of the data management shortcomings in BIM can be
addressed by having a framework for validating, managing, and updating data within an
integrated CDE approach that facilitates operations (Ghorbani et al., 2022). CDE minimizes the
likelihood of data redundancy, guarantees the availability of the latest data at all times, increases
the pace at which information can be reused, and makes the process of aggregating model
knowledge easier (Preidel et al., 2018). It saves time in creating, verifying, and accessing
project data, improves quality consistency of all project outputs, makes the most use of the
workforce, distributes work across stakeholders, and assists in achieving project deadlines.
(Akob et al., 2019). It facilitates stakeholder communication while lowering the likelihood of
dispute, improves data transparency, enables effective and precise decision-making, and
resolves problems regarding data interoperability (Tan et al., 2023). Critically, these findings
align with the topics where BIM falls short on data management. Furthermore, it supports the
idea that CDE is the foundation of data management in BIM-based project delivery as defined
in the 1SO19650 standard. It can be argued that having this level of collaboration with CDE is
the most critical way to overcome the barriers to unlocking the potential of BIM.

Conclusion

The inherent complexity of construction projects and the increasing amount of data throughout
their lifecycle, especially in recent decades, has made effective data management the key to
successful construction management. The research described in this paper aimed at enhancing
BIM-based project delivery processes by presenting the interaction of common data
environment with BIM and exploring its broad applicability and implications. In this manner,
the frequency of CDE consideration and the level of awareness in the industry will be increased.
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BIM, whose primary emphasis is to provide an enhanced interdisciplinary collaboration
environment for the AECO industry, overcomes the challenges experienced by the industry
more easily towards this goal with common data environment approach. Offering the
opportunity to adequately and efficiently coordinate multiple databases and collaborate with
project stakeholders under one roof throughout the whole life cycle of a construction project,
CDE should be considered an integral element in BIM-based project delivery. CDE adds
economic, social, and ethical value to the industry's current data management and collaboration
processes. In proper sequence, it solves the efficiency and effectiveness challenges the AECO
industry faces.

Although it seems to answer many questions in the AECO literature compared to existing
methods, including BIM for data management, questions should be sought regarding CDE in
practice in future studies: What is the current status, what problems are encountered, and what
might the solutions be?
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Abstract

The purpose of this study is to review real-virtual synchronization through Building
Information Modeling (BIM) and Digital Twin (DT) in the Architecture, Engineering, and
Construction (AEC) industry. BIM and the Internet of Things (loT) can be considered
technological innovations in the AEC industry as they have the ability to provide real-time
connectivity. Yet, providing a shareable and consistent database throughout the design and
construction processes, BIM cannot automatically update real-time information. The DT
transfers real-time data to the digital model for continuous improvement of projects and
synchronization of the real-virtual environment throughout the construction process. In this
study, a literature search and content analysis were conducted to identify the current status and
future prospects, focusing on real-virtual synchronization applications through BIM and DT.
The results indicate that BIM applications are widely used in the AEC industry, but the
development of the DT is still in its infancy. BIM has a significant potential to increase
interoperability with components from the DT. This study presents a comprehensive summary
of the current state of BIM and DT concepts and contributes as a basis for future research in
the AEC industry.

Keywords: architecture, engineering, and construction (AEC) industry, building information
modeling (BIM), digital twin (DT), innovation, technology.

Introduction

Synchronization is to ensure that the virtual representation more closely matches the real world
and/or to ensure that the real world more closely matches the virtual representation of the
desired situation (Olcott & Mullen, 2020). Synchronization requires a two-way exchange of
information through which the digital asset acquires data with respect to the current and
previous states of the physical asset (Jones et al., 2020; Evangelou et al., 2022). From the
perspective of the innovative development of the Architecture, Engineering, and Construction
(AEC) industry, it is important to specify how Building Information Modeling (BIM) and
Digital Twin (DT) achieve real-virtual synchronization. Hence, this study aims to review real-
virtual synchronization through BIM and DT in the AEC industry.

This study is organized as follows. The second part provides an overview of BIM and DT in
the AEC industry by defining BIM and DT concepts. The third part presents the research
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methodology. The main results and discussions are given in the fourth part. Finally, it concludes
with future prospects.

An Overview of BIM and DT in the AEC industry

The integration of BIM for the AEC industry is a significant innovation in the digitalization
process. The term “Building Information Model” was first proposed in the early 1990s and later
became widespread by being called “Building Information Modeling (BIM)” (Deng et al.,
2021). A BIM model is a three-dimensional digital representation of the building. Thanks to its
shareable and reliable database, BIM is also widely applied in building lifecycle management,
especially in the design, construction, and operation phases in the AEC industry (Sacks et al.,
2020; Deng et al., 2021). Real-time information in BIM models cannot be updated without
additional data sources (Tang et al., 2019). With the interconnection of sensing devices (e.g.
I0T) that can exchange information between different platforms, the integration of real-time
sensing data and information of the BIM model has become possible (Tang et al., 2019). Thanks
to smart devices, BIM models have been automatically updated according to real-time building
status (Deng et al., 2021). The foundation of BIM and Internet of Things (10T) integration has
led to the emergence of the Digital Twin concept.

Digital Twin (DT) started with a virtual prototype used for simulation in NASA's Apollo
program virtual space facility environment and emerged as the key element technology of the
4th industrial revolution with its active implementation in the manufacturing industry (Qian,
2024). The concept of DT emerged in the field of aviation and later became widespread in the
industrial manufacturing sector (Leng et al., 2019). In recent years, it has received increasing
attention in the AEC industry (Deng et al., 2021). When the definitions of the DT concept in
the literature are examined, there are different definitions made by researchers. One of the
frequently used definitions of a digital twin in the literature is NASA's definition of "a virtual
representation of a physical object or process that serves as its real-time digital counterpart”
(Barricelli et al., 2019). According to Scleich et al. (2017), DT is identified as "in the most
general sense, a digital copy of a physical object, process or service" (Scleich et al., 2017).
Rossi (2017) explains DT as “the mapping of a physical entity to a digital platform” (Rossi,
2017). Furthermore, Madni et al. (2019) extended the term to the Operations and Maintenance
(O&M) process by defining DTs as “a virtual instance of a physical system (twin) that is
continuously updated with performance, maintenance, and health status data of the physical
system throughout the lifecycle of the physical system” (Madni et al., 2019). Olcott and Mullen
(2020) defined it as “a virtual representation of real-world entities and processes synchronized
with a certain frequency and accuracy” (Olcott & Mullen, 2020). Jiang et al. explained DT as
"An integrated system that can detect, monitor, synchronize, simulate, calculate and test the
behavior of a physical system in real-time™ (Jiang et al., 2021). Kwon and Ro (2022) defined a
DT as "information representing the characteristics and behavior of a physical entity for
copying a physical entity in the digital world" (Kwon & Ro, 2022).

DT technology is necessary to enable the combination of virtual-real, cyber-physical systems
(Liuetal.,2021). DT combines artificial intelligence, sensor and IoT technologies, and transfers
real-time data to the digital models (Scleich et al., 2017). The concept of a DT has an
information structure consisting of a real entity (physical entity), its identical digital
representation, a virtual entity (digital entity), and the data link between them (Figure 1).
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Figure 1: Schematic illustration of digital twin concept.

DTs provide the synchronization of states between the real entity and the virtual entity (Leng
et al., 2019). Important considerations in DT synchronization are identifying when and how
often synchronization occurs and what kind of data is synchronized (Davila Delgado &
Oyadele, 2021). In the AEC industry, the first generation of DTs was used following the
integration of real-time sensing data with BIM (Naderi & Shojaei, 2023). A virtual model
simply represents a three-dimensional model of a structure. However, the DT must have figures
and data that exist in the physical world (Deng et al., 2021). In addition, the DT performs
automatic transfer of data in synchronization with the physical model (Mertala-Lindsay &
Stralman, 2021).

BIM processes and DT strategies are built on a set of common principles; the improvement of
process visibility, the alignment of stakeholders, and supporting planning (Sacks et al., 2020;
Broo & Schooling, 2021; Davila Delgado & Oyedele, 2021). Unlike BIM, in DTs, there is a
bidirectional data flow between physical and cyberspace (Grieves, 2016; Jiang et al., 2021).

Research Methodology

In this study, a literature review was carried out on real-virtual synchronization through BIM
and DT. Examining the scientific literature is important in terms of explaining the research topic
and presenting it understandably. As a result of the literature search, scientific studies that
conducted case studies were selected to unveil how real-virtual synchronization occurs in BIM
and DT. Following that, content analysis was performed to examine in detail selected studies.
Content analysis is a research technique used to explore themes in-depth (Krippendorff, 1980).

The Scopus database was used for reviewing BIM and DT literature. When the Scopus database
was examined, 993 scientific studies were found in the field of "BIM" and "DT" between 2017
and 2024 (Figure 2). Of these scientific studies, 677 studies were conducted in the
"Engineering” research field. The field in which "BIM " and "DT " issues were most discussed
in scientific studies was "Engineering". Within the scope of this study, studies dealing with
real-virtual synchronization through BIM and DT in the AEC industry are examined. Totally
34 scientific studies conducted between 2020-2024 were determined in the Scopus database
using the keywords "BIM", "Digital twin", and "Synchronization”. Studies conducted in
different disciplines outside the AEC field that did not include case studies were excluded.
Finally, 11 scientific studies presented in Table 1 were included in the content analysis.
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Figure 2: Studies conducted in the fields of "BIM", "Digital twin™ and ""Synchronization"
between 2017-2024 in the Scopus database.

Results and Discussion

As shown in Table 1, 11 scientific studies were reviewed in detail according to the
methods/tools used to ensure synchronization between the real entity, virtual entity, and real-
virtual entity that constitute the digital twin concept. It is realized that a DT is created using the
BIM model as physical assets and virtual assets. Although the scale and scope of the real asset
discussed in these studies examined vary, BIM models have been created at appropriate
dimensions to the scope of the virtual asset in all of them. Different methods or tools are used
to achieve real-virtual synchronization, depending on the scope and purpose of the case studies.
Therefore, the methods/tools used in data synchronization between the real and virtual entities
considered in the digital twin concept were determined in this study.

Table 2 presents methods/tools used to achieve real-virtual synchronization in the 11 studies.
Considering the studies examined in this study; To achieve real-virtual synchronization, one-
way (virtual entity to real entity), two-way (real entity to virtual entity, virtual entity to real
entity), and real-time synchronization methods are used (Sharma et al., 2022; Wu et al., 2022;
Qian et al., 2024). In some case studies, the focus is on synchronization tools rather than the
method of achieving real-virtual synchronization. In the synchronization between real and
virtual entities, sensors are used to obtain temperature, CO. level, noise, humidity, and
movement data (Griibel et al., 2022), power consumption (Evangelou et al., 2022), energy,
water usage, and building occupancy rate (Boje et al., 2023), CO and NO: levels, temperature,
visibility, risk and condition data (Biswas et al., 2023). Geographic Information Systems (GIS)
are also used in data synchronization between real and virtual assets (Biswas et al., 2023). In
the case study conducted by Li et al. in 2024, data used in real-virtual synchronization was
collected using automatic IoT sensors (such as cameras, strain gauges, and water level meters),
convergence sensors, and wired sensors (Li et al., 2024). In addition, in the study of Elghaish
and his colleagues, the blockchain network was used to obtain data (Elghaish et al., 2022).
Furthermore, perception robots, geological radar, total station, computer vision-based tunnel
face geological survey terminals (Li et al., 2024), game engines (Jin et al., 2024), and point
cloud (Gao et al., 2024) synchronization tools are used to gather data.
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Table 1. Components of digital twin in the selected studies.

Source Real entity Virtual entity Synchronization method/tools
Sharma et Case 1- Institute Case 1-Digital model Case 1- real-time synchronization (data
al., 2022. for Manufacturing  Case 2-3D and 4D BIM model collection from 10T, RFID, sensors,
(IfM) building in Case 3-3D and 4D BIM model WiFi environment)
West Cambridge Case 2-one way synchronization
Case 2- Pergenova (virtual entity to real entity)
viaduct in Genoa Case 3-two way synchronization (to the
Case 3- Mater DT after assessment, to the Physical
Private Hospital in Asset after testing scenarios in DT)
Dublin
Wu et al., Construction site 4D BIM model Real-time tracking, hazard
2022. identification, and visualisation
Elghaish et Hospital project 4D and 5D BIM model Recording/invoke transactions safely
al., 2022. and automatically with blockchain
network
Grlbel etal., Eight floor office BIM model 390 sensors used to collect data of
2022. building at ETH temperature, CO2-levels, noise,
Zirich (ETHZ) humidity, and motion
Evangelouet  Two floor smart BIM model Use of sensors to monitor power
al., 2022. building consumption in the building
Boje et al., Office building BIM model Monitoring data related to the energy,
2023. water usage and occupancy
Biswas etal., Pilot project 1- Pilot project 1-BIM model Pilot project 1-Data was provided from
2023. Tunnel Pilot project 2-BIM model sensors (CO, NO2, temperature, sight
Pilot project 2- Pilot project 3-BIM model distance) installed in the tunnel
Bridge Pilot project 2-integrate risk and
Pilot project 3- condition data on bridges into the BIM
Road model
Pilot project 3-linking data from a BIM
model to a GIS based Asset
Management System (AMS)
Lietal., Case 1- Line 6 Case 1-no detail Case 1- automatic loT sensors (such as
2024, subway tunnel in Case 2-BIM model cameras, strain gauges, water level
Shanghai Case 3-no detail meters) and perception robots are
Case 2- Laoying adopted
Tunnel in Yunnan Case 2- Data is collected through
Province, China geological radar, total station, and
Case 3- highway convergence sensors
tunnel, named Case 3- computer vision-based tunnel
Daxiagu Tunnel in face geological survey terminals and
Sichuan Province, wired sensors
China
Qianetal., Traditional BIM model Physical entity-side real-time data
2024. dwelling located collection through sensors and virtual
in Wufu Town, digital-side intelligent control.
Fujian, China
Jinetal, City BIM model Game engine
2024.
Gaoetal., Case 1- Synthetic ~ Case 1-BIM model Case 1- damage detection via
2024. groove Case 2-BIM model DeepLabV3+ and synchronizing local
Case 2- Real- damage on a planar surface using point
world building clouds
crack Case 2- damage detection via

DeepLabV3+ and synchronizing local
damage on a planar surface using point
clouds
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Table 2. Methods/tools used to achieve real-virtual synchronization.

Method/Tools Synchronization Explanation Source

One way synchronization  Virtual entity to real entity Sharma et al., 2022.

Virtual entity to real entity, real entity to Sharma et al., 2022.

Synchronization Two way synchronization virtual entity

method . To the virtual entity after assessment, to the Sharmaet al., 2022.
Real-time . - . S
synchronization p_hy5|cal entity after testing scenarios in V\/_u et al., 2022.
virtual entity Qian et al., 2024.

Temperature

C0O2, CO, NO2
Noise

Humidity

Motion

Power consumption
Energy usage

Gribel et al., 2022.
Evangelou et al., 2022,
Boje et al., 2023.

Sensors ‘é"c""gﬁ;;fgge Biswas et al., 2023,
Sight distance Lietal., 2024.
Risk and condition data
Synchronization Automatic 10T sensors (such as cameras,
tools strain gauges, water level meters)
Convergence sensors
Wired sensors
Perception robots Li et al., 2024.
Geological radar Lietal., 2024.
Total station Li et al., 2024.
Computer vision-based
tunnel face geological Lietal., 2024.
survey terminals
Game engine Jin et al., 2024.
Point cloud Synchronizing local damage on a planar Gao et al., 2024.
surface

By leveraging real-time data, BIM and DT allow visualizing, monitoring, and optimizing assets,
processes, and resources. However, in achieving real-virtual synchronization of BIM and DT
technologies, different methods or tools must be integrated in obtaining and sharing data. The
review results of 11 studies depict that one-way, two-way, and real-time synchronization
methods are adopted in BIM and DT applications. The most used synchronization method is
real-time synchronization. As for tools, “sensors” are primarily used for achieving real-virtual
synchronization (Gribel et al., 2022; Evangelou et al., 2022; Boje et al., 2023; Biswas et al.,
2023; Li et al., 2024).

Conclusions and Future Prospects

This study reviewed real-virtual synchronization through BIM and DT in the AEC industry. In
recent years, DTs for information sharing, simulations, and collaborative decision-making
processes are among the important trends to meet new management demands in the AEC
industry. However, real-time insights are needed to continuously improve and adapt the project
once it is up and running. This is where DTs become extremely useful. The recent development
of DT synchronized with the 10T offers new opportunities for real-time information collection,
timely data access, and efficient collaboration and coordination among stakeholders. The use
of DTs allows processes to be planned more effectively, with abundant data generated about
possible performance outcomes. This leads to insights that will help make necessary
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improvements before the end of the construction process or throughout the occupancy process.
As technology and research advances, the future of DTs becomes almost limitless. As a result,
DTs learn new skills and abilities day by day. Nevertheless, the DT concept in the AEC industry
is still in its infancy. The research results indicate that BIM has significant potential to increase
interoperability with components from the DT. More scientific studies and applications are
needed to gain better insights into real-virtual synchronization through BIM and DT in the AEC
industry.
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Abstract

The on-site integration of 3D printing and Building Information Modeling (BIM) has shown the
potential to improve the production processes of digital fabrication with concrete. BIM can be
used in the site planning and optimization of the digital fabrication process by optimally
positioning the 3D printers on the construction site. In this work, a BIM-based 3D-printer
position optimization and path planning tool was developed using the Dynamo plugin of the
Autodesk Revit software. This tool works similarly to the BIM-based site layout optimization
tools for the operation and positioning of major construction equipment (e.g., cranes). The
developed tool considers the physical properties of a robotic arm 3D printer, such as its
dimensions and printing range, as well as the geometry and location of the elements to be
printed on-site. It suggests the optimum path for the 3D printer to fabricate a project. The
position optimization and path planning tool is validated for a case study of a real-world 3D-
printed single-floor office building, and successfully reduced the number of steps required for
printing the walls of the case study building, enabling significant time and energy savings.

Keywords: additive manufacturing, building information modeling, digital fabrication, 3D
printing, site layout optimization

Introduction

There has been an increase in the number of Building Information Modeling (BIM) and
Additive Manufacturing (AM) applications in the construction industry over the last decade.
There is great potential in integrating BIM and AM to increase the efficiency of construction
processes. BIM is the digital representation of a facility's physical and functional
characteristics, and it is used to store and manage all the information generated throughout the
project's life cycle (Eastman et al., 2011). BIM applications in construction projects provide
crucial information related to the life cycle of projects and enable visualization of the design
and construction of building elements or simulations based on the performance and physical
properties of buildings (He et al., 2021). One of the main uses of BIM is to plan the operation
stages of a construction project well before the project starts. It has been proven to be a powerful
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tool for the optimization and planning of the site layout based on the characteristics of sites
(Amiri et al., 2017) and the location of large equipment (e.g., tower cranes) (Vermeulen, 2019).
A recent example of cranes, for instance, includes BIM-based visualization and optimization
applications for crane positioning and planning of crane lifting activities during construction
(Hu et al., 2021). Site layout optimization aims to decrease project costs while increasing
productivity and safety of working conditions (Sadeghpour & Andayesh, 2015). BIM-based
applications can help identify the optimal construction site layouts by creating realistic models
that provide spatial data, dynamic navigation, and a continuous understanding of the indoor and
outdoor spaces (Zavari et al., 2022).

Integration of BIM with AM has the potential to provide better workflows and efficient
planning for the 3D printing processes on construction sites (Olsson et al., 2021; Garcia-
Alvarado et al. 2022). Earlier, BIM and AM integration was envisioned for producing large-
scale building projects with 3D printers, as well as life cycle assessments of printed construction
products/projects (Wu et al, 2016). More recently, researchers have been investigating the use
of BIM for 3D printing of concrete with robotic systems (Garcia-Alvarado et al., 2022, Anane
et al., 2023), and looking at the feasibility and economic analysis of integrating BIM and AM
while pointing out the gaps between BIM applications and 3D printing in the construction
industry (Koroteev et al., 2022). For AM applications, detailed information such as the
performance of the materials, spatial relationships of system and project elements, or
manufacturing information can be obtained from BIM rather than just the geometry information
(Shou et al., 2015). By bringing together AM and BIM applications, designers can change the
design of the building or design of the printable elements during different stages of the project,
or operators can analyze the building’s printability and constructability before initiating the
printing process (Wu et al., 2016). BIM can also assist in the visualization of the construction
project and the worksite and in planning and optimizing the 3D printing workflow. Although
BIM has been significantly used in the computerized design and off-site prefabrication of
industrial elements, the relationship between BIM and AM regarding the detailed modeling,
designing, and 3D printing processes of projects has not been investigated (He et al., 2021).

To further explore the integration of BIM and AM for on-site digital fabrication applications,
this study developed a BIM-based tool for optimizing the position of robotic arm 3D printer
systems on a construction site for digitally fabricated projects. This tool is used to determine
the optimum positioning of a 3D printer at a construction site and provide an optimum working
plan for the 3D printer. The goal of this tool is to enable the printing operation of all printable
building elements to be completed through an optimized operation scenario. To the authors’
knowledge, this study is the first BIM-based optimization and automated path planning study
to position robotic arm 3D printers for digitally fabricated construction projects.

Methodology

A real-world 3D-printed construction project was used as a case study in this research for the
development of the BIM-based optimization and automated path planning tool. The case study
building is a single-story office building (Fig. 1a) that was printed with a KUKA robotic arm
3D printer by ISTON Corporation A.S. in Istanbul, Turkey, in 2021 (Fig. 1b). Information
related to the case study building project, such as the two-dimensional (2D) floor plans, the
schedule and progress reports were obtained. The 3D-printed case study building is
approximately 150 m? and consists of 20 unique 3D-printed walls, 3m in height and at lengths
ranging between 3 to 5 m. During the construction of the case study building, the project
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engineers determined 20 different points in the front and mid-points of each wall for positioning
the robotic arm 3D printer for printing each and every element. The printing process was
completed in 20 steps by placing the robotic arm printer at these points individually for each
wall. All the printing process was completed in 20 workdays by working 8 hours a day. Through
using the developed BIM-based optimization and path planning tool, this study aimed to
demonstrate: (1) the 3D printing process of the case study building can be optimized by
decreasing the number of times the printer needs to be carried from one location to another
during the construction, and therefore, (2) the efficiency of the printing process can be improved
by saving time and energy.

Figure 1: (a) A 3D view of the 3D-printed single-story office building in Revit, and (b) a
close-up of the KUKA robotic arm 3D printer (ISTON).

Based on the obtained 2D floor plans, the BIM of the case study building was modeled in
Autodesk Revit (version 20.0.0.377) (Fig. 1a). This was followed by the coding of the position
optimization and path planning tool using Revit’s visual programming plug-in Dynamo
(version 2.1.1.7733). With its open-source, built-in node library, Dynamo enables industry
professionals to perform design optimization, apply certain functions on lists of building
elements, and model additional elements outside of Revit (Autodesk 2019, Wang et al., 2022).
The development process consists of three main steps as demonstrated in Fig. 2: (1) determining
the possible points for placing the printer within the project boundaries, (2) finding how many
times the printer needs to be relocated for completing all the printing in the project, and lastly,
(3) determining the most effective route for the 3D printer considering the distances between
the relocating points determined in the previous step. This third step also considers the
properties of the concrete mix and the effects of material properties on the thermal insulation
of the walls if needed.

Implementation Details

Step 1: In this step, all available locations for placing the robotic arm 3D printer on site are
determined by checking for interference between the element surfaces of the project in BIM
and all points, and also by checking for clashes between the project's walls and the printer's
footprint. The slab area is divided into a virtual grid to obtain points on the project surface
where the printer could be located. A certain number of points are created based on the sizing
of the grid (e.g., 100 points for a 10 x 10 grid). The possible printer locations are the ones that
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are confirmed to have no interference between the printer and the building elements to be
printed, and this is determined by considering the dimensions of the printer. By combining
several built-in Dynamo nodes and newly coded Python scripts, all possible points in the project
where the printer can be placed are determined (Figure 3).
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Figure 2: The main steps for BIM-based site layout optimization for robotic arm 3D printers.

Step 2: In this step, the minimum number of repositioning for the printer is calculated by (1)
identifying which wall can be printed from which point, (2) creating a list of printable wall IDs
from the possible points and followed by (3) assigning scores based on how many walls can be
printed at a point. Finally, the optimization algorithm is used for finding the minimum number
of printer repositioning that is needed. This step detects the locations where the printer can print
more than one wall to avoid the need for moving the printer to a different point each time a wall
is printed (i.e., 20 different printing points for each of the 20 walls in the case study project).
The printability of every wall is evaluated from every single point on the project and the
working range of the robotic arm 3D printer and the properties of the walls, such as wall
dimensions, are considered.
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Figure 3: Dynamo script to identify which walls can be printed at each point: Walls 9, 10, and
14 of the building can be printed when the printer is positioned at Point 0.

Step 3: Based on the distances between the determined relocation points on the slab, this step
uses the previously determined printer locations to calculate the shortest path for the printer to
travel. Also, in this step, the user can incorporate the properties of the concrete mix into the
sequencing of the printing process if needed. When the concrete mix has a short setting time,
the user might want to ensure the proper thermal insulation of the project by printing adjacent
exterior walls simultaneously.

Results and Discussions

The results of the optimization for the case study: The results for the case study building are
obtained based on the 32x32 optimum grid sizing assigned by the developed tool by taking into
account the dimensions of the working area for the printer, the printable walls and the printer’s
working range (Fig. 4). As a result of this division, 1024 points were initially created in the
working area. Then, the intersection check nodes found 221 of these 1024 points were
intersecting with the printable wall surfaces over the slab and eliminated these while leaving
803 points to work with. The other intersection check found that 309 of the remaining 803
points were not available for locating the printer since the footprint of the printer over these
points was clashing with the walls. Then, these clashing points were eliminated, and 494
potential points remained in the project area. According to these 494 available final points, the
optimization tool determined seven printing points for the 20 walls in the project as
demonstrated in Fig. 4 whereas the printer had to be moved 20 times to 20 different printer
locations to complete the project in the real-world printing process of the case study building.

Applicability to other projects: This tool can be applied to optimize the printing process in other
digitally fabricated construction projects for different designs, walls, and project areas. One of
the parameters in the developed algorithm that will change from project to project is the sizing
of the grid that will divide the slab to assign points on the project area in Revit. This is based
on the size of the project area and the dimension of the 3D printer that is used in a given project.
This step is crucial in finding the minimum number of steps for the relocation of the robotic
arm 3D printer during the printing process for any given project. The sizing of the grid is
calculated based on three parameters: (1) the working diameter of the robotic arm of the printer
(i.e., max. reaching distance), (2) the maximum length of the printable walls, and (3) the
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distance between the printer and the walls. A printer is envisioned to be located in the middle
point of a wall, and the difference between the working radius of the robotic arm and half of
the wall length is used to determine the minimum division number. Based on the dimensions of
the working area and the printer, the algorithm divided the project area with a 32x32 grid to
provide the optimum number of possible printer locations (1024 points) to initiate the process.

Incorporating the concrete mix properties: The developed optimization tool can incorporate
the properties of different concrete mixes if needed. To demonstrate this, another printing
scenario was applied to the case study project. The goal was to ensure efficient thermal
insulation was achieved in the neighboring exterior walls on the project area's corners. In this
case, the corner exterior walls will be printed at the same time, and therefore, the gaps between
asynchronously set walls will be eliminated. In this scenario, the printable walls were separated
into two groups, exterior and interior walls, and the printing process of the walls was envisioned
to be completed in two stages. First, the exterior walls were taken as a group and printed, and
then the interior walls were taken as another group and printed. For this scenario, since the
working area of the printer did not change, the division number of the slab remained the same.
The project has 11 exterior walls, and eight of them are located at the corner points (Fig. 1a).
Every two walls located at the four different corners of the project are printed as monoliths to
provide efficient insulation. The algorithm determined seven points to locate the printer to print
the 11 exterior walls (i.e. Point 669, Point 524, Point 478, Point 33, Point 681, Point 660, and
Point 584). Next, the interior walls were examined as a second group regardless of their
insulation property, unlike the exterior walls. For the remaining nine walls, the algorithm
determined four different points (i.e. Point 616, Point 626, Point 608, and Point 633) and the
entire project was able to be printed in 11 steps. When the setting properties of the concrete mix
were considered, the optimization algorithm was able to decrease the number of times the
printer needed to be relocated from 20 to 11.
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Step 7- Point 428

Figure 4: The optimum printing sequence of the case study project in seven steps determined
by the developed BIM-based optimization tool.

Verification of the developed algorithm: To verify that the developed algorithm can effectively
determine the sizing of the invisible grid applied on the project area, different grid sizes are
evaluated by manually changing the grid size. For dividing the slab, several alternative grid
sizes were tested, such as 35x35, 40x40, 50x50, 60x60, 70x70, 80x80, 90x90, and 100x100. It
was observed that while the size of the grid was going up to 100 from 32, the minimum number
of times the printer needed to be relocated remained the same, and seven new locations were
determined according to the new possible points in each test. This was tested with numbers
smaller than 32 and the results required the printer to be relocated were more than seven times
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for completing all the walls. Therefore, this test demonstrated that the sizing of the grid assigned
by the algorithm gives the minimum number of times the printer needs to be relocated.

Conclusions

This study proposes a BIM-based automated position optimization and path planning tool for
robotic arm 3D printers for on-site 3D printing applications. This tool automatically determines
the minimum number of position changes for the printer during construction and, therefore,
aims to bring time and energy savings in digitally fabricated construction projects. Considering
the design of a project and certain project characteristics, the goal is to determine the positions
where a robotic arm 3D printer could be located on a job site while keeping at a minimum the
number of times the printer will be relocated. This tool is applied to a single-story office
building case study. The construction of this case study building represents a typical 3D printing
process for single-floor buildings in which the on-site planning of the 3D printing process is
usually done intuitively by the project engineers. While in the real-world application, the case
study building was completed by relocating the printer 20 times to 20 different points around
the project area, this study optimized the printing process by relocating the printer only 7 times
to 7 different locations. This result demonstrates that there were 13 unnecessary relocation steps
for the robotic arm 3D printer to print some of the walls in the project, which corresponds to a
65%-time savings for the actual project. This finding is promising as it ensures energy savings
and time efficiency in the field operations of robotic arm 3D printers.
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Abstract

Since the turn of the millennium, digital technologies have become ubiquitous in daily life,
marking the advent of the fourth industrial revolution (4IR), which has now evolved into the
fifth Industrial Revolution (5IR). The key distinction between 4IR and 5IR lies in 5IR's emphasis
on human-technology collaboration and environmental considerations. These revolutions have
also impacted the architecture, engineering, and construction (AEC) sector, where various
technologies, including digital twins (DT), are employed. DT, an emerging technology
facilitating interaction between physical and virtual worlds, holds promise across various
fields, including AEC, although its adoption in the sector is still in its early stages. This study
examines the potential of DT within AEC from the perspective of the circular economy, a trend
gaining traction across different domains, including AEC. It explores how DT technology can
align with circular economy principles in AEC and its significance in the context of 5IR.
Through a systematic literature review and case studies, this study conceptualizes the
integration of 5IR, AEC, DT, and circular economy, concluding with implications for
sustainable development and smart cities, thereby laying a groundwork for future research and
practices.

Keywords: AEC, circular economy, digital twins, smart cities, sustainable development, 5IR.

Introduction

The construction sector, contributing approximately 6% to global GDP, serves as a significant
driver of economic activity across various industries, from raw material extraction to on-site
construction. Over time, this sector has witnessed notable technological advancements, but it
now faces pressing challenges associated with climate change and dwindling resources,
underscoring the critical importance of sustainability. With the AEC sector accounting for 40%
of global CO2 emissions, urgent action is imperative. Key areas for improvement include
revising construction methods, enhancing efficiency, prioritizing durability, and adopting
sustainable practices. By harnessing data and digital solutions, stakeholders can gain a
comprehensive understanding of building lifecycles, facilitating the pursuit of climate targets
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in a sustainable manner. This transformative shift is observable in the sector's widespread
integration of technology, ranging from design and management to actual construction
activities (Nemetschek Group Blog, 2022; Musarat et al., 2023).

The pervasive influence of digital technologies has permeated nearly every aspect of daily life,
heralding the onset of the fifth Industrial Revolution (5IR), characterized by human-technology
collaboration, and heightened environmental consciousness. In the architecture, engineering,
and construction (AEC) sector, digital technologies have led to a paradigm shift in traditional
practices, offering unprecedented opportunities for efficiency, sustainability, and collaboration.
At the forefront of this revolution is the concept of digital twins (DT), poised to reshape how
we design, construct, and manage built environments by bridging the physical and virtual
realms. Simultaneously, the principles of the circular economy have gained momentum,
seeking to minimize waste, maximize resource efficiency, and promote material reuse and
recycling. Within the context of 5IR, the convergence of digital twins and circular economy
principles presents a unique opportunity to revolutionize the AEC sector towards a more
sustainable future (Miyasaka et al., 2019; Musarat et al., 2023).

This study explores the horizons of 5IR in the AEC sector, with a focus on the intersection of
digital twins and circular economy. This study marks an initial step in exploring the intersection
of digital twins and circular economy principles within the Architecture, Engineering, and
Construction context. While existing literature has extensively investigated these concepts in
isolation, there is a scarcity of comprehensive studies that delve into their combined application
within the AEC domain. Through a systematic literature review, recent advancements are
examined, providing valuable insights into sustainable development, smart cities, and the future
of the built environment.

5IR and AEC

Emerging from the foundations laid by the 4th Industrial Revolution (4IR), the Architectural,
Engineering, and Construction (AEC) sector has witnessed a profound integration of
technology, ushering in a new era of innovation and efficiency. Through the strategic
deployment of sensors for environmental monitoring and the implementation of automation,
41R has empowered the AEC industry with intelligent systems capable of autonomous decision-
making and streamlined production processes. Building upon this technological groundwork,
the 5th Industrial Revolution (51R) represents a paradigm shift, emphasizing close collaboration
between humans and technology (Miyasaka et al., 2019; Musarat et al., 2023).

Key rationales for embracing IR 5.0 enabling technologies in the AEC sector include harnessing
Augmented Reality (AR) and Virtual Reality (VR) for inclusivity, training, and industrial
testing; integrating advanced safety gear and tools to augment human skills and enhance safety
protocols; deploying automatic speech and gesture detection systems to streamline
communication and task execution; employing digital twins and simulations for real-time
monitoring and predictive maintenance; incorporating collaborative robots (cobots) to
complement human workers effectively; promoting seamless human-machine integration to
bolster productivity and flexibility; offering adaptable solutions that drive down costs and space
requirements; delivering user-friendly interfaces for intuitive adoption and integration;
broadening the scope of automated tasks and applications; and fortifying safety protocols
through advanced sensors and autonomous systems (Musarat et al., 2023). In the context of the
AEC sector, this collaboration is epitomized by the concept of Construction 5.0, an innovative
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approach that marries cutting-edge technologies like artificial intelligence, the Internet of
Things (1oT), and digital twins with human ingenuity and creativity. However, despite the
immense potential of these advancements, significant challenges such as investment costs, skill
development requirements, and regulatory complexities must be addressed to fully harness the
benefits of 5IR in the AEC industry. By embracing these transformative changes, the AEC
sector stands to gain in terms of enhanced efficiency, sustainability, and competitiveness.
Moreover, the implications extend beyond mere technological integration, encompassing
workforce training, managerial strategies, and avenues for future research and development
(Miyasaka et al., 2019; Musarat et al., 2023).

DT and AEC

Digital twins (DT) are poised to revolutionize the Architectural, Engineering, Construction, and
Facility Management (AEC/FM) industry, ushering it into the industry 4.0 era through
advanced asset management solutions throughout their lifecycle. However, there is confusion
surrounding the term "DT" within the AEC/FM sector, often conflated with Building
Information Modeling (BIM). Unlike BIM, which enriches static 3D models with information,
DT represents a dynamic concept characterized by ongoing data exchange between its digital
and physical counterparts (Fjeld, 2020; Hosamo et al., 2022). The integration of digital twins
enables real-time monitoring and analysis of construction projects, enhancing efficiency and
facilitating informed decision-making throughout the project lifecycle. This transformative
approach extends beyond construction, supporting facilities management by serving as digital
replicas of built assets post-construction. DTs continue to facilitate efficient operation,
maintenance, and performance monitoring, identifying opportunities for optimization and
sustainability improvements through real-time data analysis and evidence-based decision-
making (Miyasaka et al., 2019; Hosamo et al., 2022; Musarat et al., 2023).

As a case study of digital twins in AEC is the collaboration between Skanska, a construction
company, and Houston Community College (HCC) to create a digital twin of HCC’s main
campus. The digital twin can be used by prospective students to explore the campus virtually.
It can also be used by HCC to train staff and simulate different scenarios (Figure 1) (Skanska
USA Commercial Development, 2023).

Figure 1: Shows digital twin model of Houston Community College's main campus.
(Skanska USA Commercial Development, 2023).
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Circular Economy in AEC

Since the 1973 oil embargo, the architecture, engineering, and construction (AEC) sector has
implemented various measures to reduce energy consumption, including enhanced building
insulation. However, these measures have inadvertently increased demand for building
materials, exacerbating resource scarcity and waste generation challenges. Notably, demolition
accounts for a significant portion of waste in the AEC sector, prompting academic interest in
the circular economy (CE) as a solution. Despite the CE's success in other industries, its
implementation in the AEC sector faces hurdles, including ambiguity regarding circularity
definitions and the sector's unique characteristics. Alternative approaches like sustainable
building practices and design for deconstruction (DfD) show promise, but inconsistent
terminology and a lack of consensus hinder adoption. While efforts to classify alternative
approaches have shed light on diversity, a comprehensive examination of barriers to sustainable
design remains absent in current literature. Overcoming these barriers is crucial for advancing
sustainability in the AEC sector and realizing the potential of the CE paradigm (Charef et al.,
2021).

Barriers to implementing the circular economy (CE) in construction have been categorized into
three primary domains: disciplines (economy, environment, culture), specific stakeholders
(owners, designers), and construction phases (design, in use). The construction industry's
compartmentalized operational methods create obstacles by inhibiting effective communication
across phases and stakeholders, presenting a significant challenge. For successful CE
implementation, a comprehensive approach involving all stakeholders and asset phases is
essential. The selected macro-categories, drawn from existing literature, encompass economic,
sociological, political, organizational, technological, and environmental barriers, with
additional subcategories addressing specific stakeholders or phases as necessary (Charef et al.,
2021; Shooshtarian et al., 2023).

Ababio and Lu (2023) delve into the complexities of implementing circular economy principles
in construction, grouping barriers into clusters such as framework and theory-related, political,
and legislative, social, and cultural, financial, and economic, and technological barriers. They
highlight that social and cultural, as well as financial and economic challenges, are particularly
pronounced at the micro level, whereas technological barriers are more prominent at the meso
level. Barriers at the macro level predominantly pertain to policies, regulations, and overarching
frameworks. Enabling factors critical for realizing the circular economy concept include
technological advancements, policy education, and awareness initiatives, as well as
opportunities for financing. It's essential to acknowledge that Ababio and Lu's (2023) insights
stem from an analysis of journal publications. However, potential biases inherent in the dataset
sourced from Web of Science and Scopus may restrict the comprehensiveness of their findings.
Furthermore, the subjective nature of scientific measurement, particularly relying solely on
citation counts, may influence the interpretation of research outcomes. These factors warrant
consideration when interpreting the study's findings.

A circular built environment integrates principles of a circular economy into urban systems,
fostering regeneration and accessibility. This approach supports human well-being, improves
natural systems, and ensures material abundance without environmental harm. Decision-
making considers interactions between various components and focuses on economic,
environmental, and social outcomes. Digital technologies aid asset sharing and management,
making services more accessible. Urban planning aims for resilient communities with nature
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integrated to enhance well-being. Continuous material cycles minimize pollution and promote
reuse. Buildings are designed for easy maintenance and flexibility, while integrated
infrastructure systems prioritize efficient resource use (Acharya et al., 2018).

The Circular Building project serves as a case study illustrating the application of circular
economy principles in construction. This project showcases a circular approach to building
design and construction, focusing on intentional design for disassembly and material reuse at
the end of its service life. Notably, recycled materials such as timber and steel offcuts were used
during construction, demonstrating a commitment to material sustainability. The design process
employed 3D modeling software to facilitate collaborative practices across the construction
supply chain. Furthermore, innovative technologies such as low-voltage electrical systems and
rainwater harvesting were incorporated into the project to enhance its overall resource
efficiency (Figure 2) (New Civil Engineer, 2016).

g "
ct. BenBlossom from (New Civil Engineer,
2016).

Circular Economy and Digital Twins in AEC

Digital twinning is a concept in which a virtual replica, or "twin," of a physical building or
infrastructure is created. This virtual model is designed to mirror the real-world structure in
terms of its characteristics, behavior, and performance. The potential of digital twinning lies in
its ability to support various stages of a building's life cycle. By providing a digital
representation that closely resembles the physical building, stakeholders can assess and plan for
different scenarios and outcomes. This includes considering factors such as maintenance,
renovations, and even end-of-life considerations (Koutamanis, 2024).

Despite its promising potential, implementing digital twinning in practice may encounter
challenges. These challenges could include technical complexities, logistical issues, or
difficulties in acquiring and managing data effectively. Additionally, while there is significant
discussion and research on digital twinning in academic and professional circles, practical case
studies demonstrating its real-world application are often limited. To fully harness the benefits
of digital twinning for advancing circularity in the architecture, engineering, construction, and
operation (AECO) sector, a holistic approach is necessary. This involves integrating digital
twinning seamlessly into existing AECO processes and workflows. Instead of treating digital
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twinning as an isolated or optional component, it should be considered a fundamental aspect of
how projects are planned, executed, and managed (Koutamanis, 2024).

In summary, while digital twinning holds great promise for enhancing circularity in the AECO
sector, its successful implementation requires addressing technical challenges and ensuring it
becomes an integral part of industry practices (Koutamanis, 2024).

Results and Discussion

The integration of digital technologies within the Architecture, Engineering, and Construction
(AEC) sector, driven by the fifth Industrial Revolution (5IR), presents vast opportunities for
innovation and efficiency. 5IR blends human creativity with advanced digital tools. However,
unlocking the full potential of 5IR in AEC necessitates overcoming challenges such as
investment costs and skill development requirements. Digital twins have emerged as
transformative assets in the AEC sector, enabling real-time monitoring and analysis throughout
the lifecycle of built assets. Unlike traditional Building Information Modeling (BIM), DTs
provide dynamic, data-driven representations for informed decision-making and optimization.

Simultaneously, the circular economy paradigm offers a holistic approach to sustainability in
the AEC sector, emphasizing material reuse, waste reduction, and regenerative design
principles. Despite the historical focus on energy efficiency, challenges like resource scarcity
and waste generation persist. Overcoming barriers to circularity implementation, including
disciplinary, stakeholder, and phase-related complexities, requires a comprehensive approach
addressing economic, sociological, and technological challenges. Integrating circular economy
principles with digital twins holds promise for advancing sustainability and efficiency in the
built environment.

However, practical challenges in implementing digital twins, such as technical complexities
and data management issues, underscore the need for a holistic approach that seamlessly
integrates digital twins into industry practices. While promising, practical implementation of
digital twins may encounter technical and logistical hurdles. To fully harness their benefits for
circularity, seamless integration into existing AEC processes and workflows is essential. In
conclusion, the convergence of digital twins and circular economy principles presents a
transformative opportunity for the AEC sector. Addressing technical challenges and fostering
industry-wide adoption can unlock the full potential of digital twins in advancing sustainability
and efficiency in the built environment.

Conclusion

This paper has examined the transformative potential of digital twins and circular economy
principles within the Architecture, Engineering, and Construction (AEC) sector, especially in
the context of the fifth Industrial Revolution (5IR). It lays the groundwork for future research
and practices aimed at further exploring and leveraging the synergies between digital twins and
circular economy principles in the AEC sector.

Future research directions encompass exploring interdisciplinary approaches to integrate digital
twins and circular economy principles with emerging technologies for enhancing resource
management in construction projects. Longitudinal studies are imperative to assess the enduring
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impacts of digital twins and circular economy practices on sustainability performance within
construction endeavors. Furthermore, delving into case studies and best practices will yield
valuable insights into the effective application of digital twins and circular economy principles
across varied construction contexts. It is essential to investigate strategies for stakeholder
engagement and collaboration to foster sustainable practices in the construction sector.
Additionally, scrutinizing the influence of policy and regulatory frameworks on incentivizing
sustainable practices, particularly concerning digital twins and circular economy principles, is
pivotal for guiding future advancements in the Architecture, Engineering, and Construction
(AEC) domain.

By addressing these areas of research, scholars and practitioners can contribute to advancing
sustainability and innovation in the AEC sector, ultimately fostering a more resilient and
environmentally conscious built environment in line with the principles of the fifth Industrial
Revolution.
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Abstract

The efficient traceability and transparent monitoring of construction material supply chains in
terms of material quality have become essential for construction and building safety and
quality, in addition to the operational efficiency of the projects, considering the prolonged and
complex supply processes. The advancement of technologies in recent years, like blockchain,
enabled new tools to create innovative solutions to the current difficulties in managing
materials’ origins, movements, visibilities, logistics, inventories, and compliances. The main
objective of this study is to present a blockchain based construction material tracing framework
that ensures the transparent monitoring of all the suppliers and the quality, safety, and
reliability of the construction material supply chains during the entire processes. The
framework is designed to improve construction quality management demands with increased
efficiency and credibility in the monitoring and traceability of material supply chains. The
material tracing system eliminates the limitations of traditional centralized models with the
help of blockchain technologies by improving the materials’ accessible information and
secured data flow among various stakeholders of the chains, and thus minimizing the possible
problems and uncertainties that affect the quality of the materials, in addition providing
convenient management and coordination of the multiple construction materials from different
resources.

Keywords: blockchain technologies, construction material supply chains, material tracing
systems, quality management, transparent monitoring.

Introduction

The supply chain processes of the construction materials significantly affect the overall success,
covering both short and long terms of the construction projects considering the prolonged and
highly complex supply processes of the materials that involves many uncertainties with many
stakeholders requiring high level of coordination and collaboration in addition to the
coordination of the multiple construction materials from different resources. With the impact
of the increased unethical and unreliable practices in the construction industry and thus the
raised awareness about the construction material quality in the recent years, the efficient tracing
and the transparent monitoring of the construction materials with their supply chains in terms
of the material quality achieved under solid material tracing systems have become essential for
construction and building safety, in addition to the operational efficiency of the construction
projects and their exponentially increasing demand for the previously determined high quality
standards. So, tracing the construction materials’ quality during the different stages of the
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material supply chains is crucial for actually achieving these goals of the safe and high quality
construction practices with overall success in the construction projects; on the other hand, most
of the existing material tracing systems are centralized systems with limitations depending on
responsible parties and thus creating possible threats of trust, security, serviceability,
traceability, transparency, and integrity. The advancement of technologies in recent years
including blockchain and smart contract technologies enable new tools to create innovative and
effective solutions to the current difficulties in managing materials’ origins, movements,
visibilities, logistics, inventories, and compliances. With a blockchain based construction
material tracing system which is designed to provide a secure, transparent, and trustworthy
platform for tracing and monitoring the information for production, design, transportation,
construction, testing, and operation stages of all the construction materials, new ways to
overcome these possible problems of the centralized material tracing systems can be obtained.
Therefore, the main objective of this study is to present a smart contract powered blockchain
based construction material tracing framework that ensures the transparent monitoring of all
the suppliers and the quality, safety, and reliability of the construction material supply chains
during the entire processes.

The proposed framework is designed to work as an alternative that improves construction
quality management demands with increased efficiency and credibility in the monitoring and
traceability of material supply chains. The material tracing system eliminates or reduces the
limitations of traditional centralized models with the help of blockchain technologies by
improving the materials’ accessible information and secured data flow among various
stakeholders of the chains, and thus minimizing the possible problems and uncertainties that
affect the quality of the materials, in addition providing convenient management and
coordination of the multiple construction materials from different resources. This study is
organized as follows: With the literature review section, the existing researches and works in
addition to the possible contributions of the proposed framework to the existing systems are
discussed, while the details of the proposed framework and the used tools for its application are
given in the procedure section. And finally in the discussions and conclusion section, the
advantages with possible variations of the proposed framework are discussed in addition to the
concluding remarks made for a more efficient and transparent construction material tracing
system in the construction industry with smart contracts together with recommendations for the
future research directions.

Literature Review

With the help of the new advancements in the technologies, the blockchain and smart contract
based systems have been started to be used as an efficient solution for the ongoing problems
and limitations of the supply chain processes in many sectors including the construction
industry projects. As Flanagan et al. (2023) mentioned supply chain management is one of the
industries that benefit from the advancements in the blockchain technologies, so there are
several blockchain and smart contract frameworks that have been proposed especially for
supply chain management. Also considering the limitations of the traditional systems such as
the fragmentation, lack of trust among the stakeholders of the processes and the restricted
information sharing about the materials as stated in Basheer et al. (2024), the blockchain and
smart contract based systems can be a solution since they improve the traceability and
transparency for the supply chain material information and create an environment with high
level of accountability and trustworthiness among the stakeholders in the different stages of the
processes. Moreover, Kulkarni et al. (2023) and Turjo et al. (2021) stated that the existing
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supply chain processes, which may include untrustworthy organizations during the entire
process from raw material extraction to the ultimate consumption of a finished product and thus
are ineffective and untrustworthy for consumers, can be replaced with the utilization of the
smart contracts with trackable, irreversible, and credible performances and blockchain
technologies that protect data from unauthorized access without the involvement of third
parties. Similarly, Singh et al. (2023) mentioned that the construction industry is also one of the
main industries that faces the significant challenges regarding supply chain transparency
including the lack of visibility, and the difficulties in tracing material origins, tracking
movement, and ensuring compliance in the current practices, while the blockchain technology
has emerged as a promising solution to enhance supply chain transparency and sustainability in
the construction industry. Furthermore, Xu et al. (2023) stated that there are some persistent
issues related to material fraudulence in the construction industry, that have high level of
complexity with prolonged supply chains and numerous stakeholders, considering that the
current strategies of managing construction logistics and supply chain confuse provenance
tracing and tracking by adding too many intermediaries and using low technologies, yet with
the help of the blockchain based frameworks the management of quality, safety, payment,
logistic and supply chain, and sustainability can be improved significantly. Udokwu et al.
(2021) presented an example Construction Project Management platform that is based on
blockchain and smart contract technologies for enabling peer-to-peer collaboration between
construction parties that enhances the flow of information for reducing cost and time
expenditures while improving the quality of services.

The abovementioned advantages of the blockchain and smart contract applications can be
utilized also in the material quality control processes where the production must meet certain
standards that range from Quality Control (QC) to the quality of the used materials (Gaiardelli
et al., 2022). While Tian and Zhong (2020) proposed a comprehensive quality management
system that includes everyone from raw material suppliers to consumers base on the advantages
and characteristics of blockchain technology in view of the difficult problems in quality
management, Gayialis et al. (2022) mentioned that there is an increasing need and demand in
recent years for effective traceability due to the growing consumer awareness of the quality of
products in the wine industry considering the impact of visibility loss of the product origins to
the production and distribution processes and the serious fraud risks. A similar perspective can
be achieved in the tracing of construction materials during the different stages of the supply
chain processes, which requires complex material tracing systems with high level of
coordination and collaboration among the stakeholders; however, there is still limited research
of blockchain and smart contract frameworks that have focused specifically on tracing of the
construction materials quality. In the construction industry, the project owner, the supervisor,
the construction unit, the testing enterprise, and the material supplier are closely combined as
the quality and safety stakeholders and by the blockchain technologies, they are all linked to
the quality problems caused from raw material quality to non-standard operations; moreover,
through the application of advanced technologies such as blockchain, the scientific and
technological level of construction quality management, including the intelligent control,
quality traceability and trusted quality inspection evidence chain management methods for the
whole process, has been improved significantly (Wang et al., 2023). Panda et al. (2022)
provided an example study by mentioning that in comparison to many other industries, the
construction industry can be termed as one of the world’s most fragmented sectors due to the
scattered and complex supply chains considering the various factors involved like the clients,
architects, contractors, material suppliers, and the globally manufactured construction products
that have to be managed for the sake of meeting the quality requirements and customer
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satisfaction, and presenting blockchain inspired technologies to maintain the transparency
among the actors involved in construction industry and prevent any form of miscommunication.

So, this study aims to contribute to the existing literature by proposing a blockchain based
construction material tracing framework for specifically tracing the construction materials
during the supply chain processes in terms of the material quality to improve the materials’
accessible information and secured data flow in addition to the coordination and collaboration
among various stakeholders of different stages, together with minimizing the uncertainties
related to the materials and possible unethical practices.

Procedure for the Proposed Blockchain Based Tracing Framework

In this study, a novel smart contract powered blockchain framework for construction material
tracing, that ensures the transparent monitoring of all the suppliers, stakeholders and the quality,
safety, and reliability of the construction material supply chains during the entire supply chain
processes of the construction projects, is designed and proposed for secure, transparent, and
trustworthy tracing and monitoring of the information from the raw material extinction and the
transportation to the quality testing stages of all the required construction materials. The
proposed quality tracing framework consists of a blockchain integrated decentralized smart
contract to execute the works of accessing, storing, and validating the material information
throughout the supply chain processes, which are used for the quality testing and assurance, and
the coordination between the stakeholders of the different stages as the owner/employer,
contractor, and suppliers. The tracing framework starts with the owner’s adaptation and
implementation of the smart contract module, which is monitored by the MetaMask system that
controls the user access to the module for the integration of the Ethereum blockchain system
with the usage of the various stakeholders including the suppliers and the contractors to upload
the related documents of the used construction materials’ information required for the quality
assurance in addition to reviewing, confirming and validating these materials’ information in a
secure, transparent, and trustworthy platform.

The owner determines the required documentation and controlling criteria including the
certificates, reports, analysis results, procurement documents, and transportation history of all
the supply chain processes of the construction materials decided to be used in the related
construction projects to prove that these selected materials are actually meet the desired quality
standards of the project. Then all the suppliers and the contractors who can access the smart
contract module with their assigned MetaMask profiles upload the related requested documents
to the owners’ computer and the contractors’ computers and trace, review, confirm and validate
these information in addition to updating them throughout all the supply chain processes with
the help of the system to prove that the required level of quality and level of standards for
construction materials used to perform the project are achieved. The framework completes with
the smart contract identification of the qualified materials when all the stakeholders confirm the
accuracy of the provided information in the documents needed for the approval of the required
quality standards of the materials used in the projects while the information of the regarding
stakeholders that provide the qualifications of the approved materials used in the project kept
disclosed through the system to the other users, which makes the whole process highly
transparent (Ahmadisheykhsarmast et al., 2023).

For the decentralized smart contract module of the proposed framework, the usage of the
Ethereum blockchain is considered due to its qualifications as scalability, security, privacy,
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maturity, throughput, cost, efficiency and data storage, based on the blockchain decision
framework for project management applications presented by Sonmez et al. (2023). The smart
contract module of the proposed blockchain based smart contract framework system is required
for the execution of all the stages of information uploading, generating and recording of the
CID hashes, information validation, information tracking, interactions among the stakeholders,
validation and status tracking of the used construction materials’ qualifications, managing the
complex material tracing without the involvement of a trusted or third party with the authorized
account management and access to the Ethereum blockchain. Moreover, Ahmadisheykhsarmast
etal. (2023) presents a well-established, transparent, and traceable platform for securely storing
and distributing the data with blockchain technology to produce unique irreversible
cryptographic identifiers called content identifier (CID) for each and every data that contain
requested material quality qualifications uploaded by the stakeholders of the supply chain
processes, and since these generated CID’s change whenever the content of a document is
altered, the transparent tracking and monitoring of all the construction materials used in the
related projects can be achieved during the entire processes. Furthermore, due to the relatively
small digital sizes of these generated CID’s, they provide convenient and cost efficient storage
and distribution on the blockchain Ethereum.
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Figure 1: The proposed smart contract powered blockchain framework for construction
material tracing (Ahmadisheykhsarmast et al., 2023).
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So, the proposed framework for the construction material tracing can improve the construction
quality management demands as the quality, safety, and reliability of the construction material
supply chains with increased efficiency and credibility in the monitoring and traceability
considering that specific hashes/hyperlinks representing unique content proof CID’s are created
for every information of the used construction materials during the each step of the processes
used by all the stakeholders to access the required information, increase the transparency of the
material tracking processes. In case of a dispute between the owner and the contractor about
the supply chain documents CID’s will serve as a proof. Additionally, the proposed framework
provides significant improvement by using multiple nodes to avoid single point of failure and
working properly even if one or a few nodes fail, and improved data integrity and security of
the materials’ information by tracking the malicious attempts and possible unethical practices.

Discussions and Conclusion

The presented smart contract powered blockchain framework for the construction material
tracing system of the supply chains in terms of the material quality assurance proposed as an
effective solution for the existing problems and limitations in the construction industry like the
difficulties in managing materials’ origins, movements, visibilities, logistics, inventories, and
compliances by providing a secure, transparent, and trustworthy platform for tracing and
monitoring of all the quality, safety, and reliability of the construction material supply chains
during the entire processes, which possess significant importance for the construction and
building safety and quality, in addition to the operational efficiency of the projects considering
the prolonged and complex supply processes of the construction projects.

The proposed framework is intended to improve construction quality management demands
with increased efficiency and credibility in the monitoring and traceability of material supply
chains by eliminating the limitations of traditional centralized models with the help of
blockchain technologies, minimizing the possible problems and uncertainties that affect the
quality of the materials, and providing convenient management with coordination and
collaboration of the multiple construction materials from different resources, in addition to
improving the materials’ accessible information and secured data flow among various
stakeholders of the chains. The proposed framework also provides various benefits in a broad
range considering the possible improvements in the cost and security analysis, data security and
integrity, anonymity and privacy with the authentication and access control, and resilience to
the cyber-attacks. The benefits regarding the cost analyses can be obtained considering the
decrease in the administrative costs with the elimination of the trusted third parties who perform
all the required processes for the quality tracing of the construction materials by the
decentralized nature of the blockchain framework, although the integration of the Ethereum
blockchain requires a transaction fee paid to the network. Moreover, a secure, transparent, and
trustworthy platform with data integrity throughout the tracing and monitoring processes
creates advantages in terms of the data security and integrity with the secured and protected
material information, which cannot be distorted, altered, or removed without the authorized
digital signatures, throughout the different stages of the supply chain by the implementation of
the public key cryptography mechanism. Additionally, various benefits are obtained with the
improved transparency of the processes and the traceability of the construction materials
achieved with the proposed framework by the creation of unique CID’s stored in the Ethereum
blockchain, that are sensitive to any modification in the information they represent and thus
traceable in the network, and thus reducing the possibility of unethical practices and data
leakage in addition to the data manipulation issue that often arises from centralized cloud
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service providers. Finally, by offering convenient management of coordination and
collaboration among stakeholders, the presented framework increases the workability and
trustworthiness of the system, while the anonymity, privacy and resiliency to malicious
cyberattacks advantages are achieved by the authentication and access control gained with the
MetaMask system and public keys provided to the various types of stakeholders depending on
their usage of the modules considering the removal of the trusted third parties in the
construction material information validation, material tracing, and monitoring processes, and
the help of the decentralized and distributed nature of the blockchain technologies that can
function normally even in the event that one or more nodes are unavailable.

To conclude, in this study, a smart contract powered blockchain framework for the tracing
system of the construction materials is presented considering the raised awareness about the
construction material quality in the recent years with exponentially increasing demand for the
high quality standards due to the impact of the increased unethical and unreliable practices in
the construction industry, and the crucial necessity of the efficient and transparent tracing of
the construction materials with their supply chains in terms of the material quality for
construction and building safety, in addition to the operational efficiency of the construction
projects. The blockchain and smart contract technologies are used for the design of the proposed
framework to offer a safe, transparent, and reliable platform for tracking and ensuring the
required quality information for the approval of the construction materials' compliance with the
specified quality standards. With the help of the created advantages of blockchain and smart
contracts, that covered in detail in this study, the proposed system offers an effective alternative
to the traditional centralized material tracing systems, which have limitations regarding to trust,
security, serviceability, traceability, transparency, and integrity, and improves security, privacy,
transparency, and fairness while lowering the need for a trusted third party and mitigating
unethical practices and fraud. Finally, some future research directions can be recommended as
the fully autonomation of the proposed tracing system by eliminating the involvement of the
stakeholders during the validation processes of the required quality information of the
construction materials by the integration of artificial intelligence for achieving an improved
decentralized construction material tracing system in the construction industry.
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Abstract

Technology is one of the areas where change and development are most intense in our world.
Technology is used extensively in almost all sectors and has significant contributions to
industries. While the application areas of technology in the construction industry are also
large, these changes, conversions and applications are slower than other industries. In the
developed countries of the world, technology adaptation for the construction industry is seen
to be faster and more widespread than our country. In this study, articles, theses and
researches on virtual reality and augmented reality in the construction sector were examined
and the research results and the goals of digitalization in the sector were listed. In
determining the targets, the criteria were determined in the interviews with the sector
employees and the order of the criteria was determined with the Best-Worst Method.
According to the weightings determined, increasing the profit rate, which is the most
significant benefit offered by virtual and augmented reality for construction projects, stands
out as one of the primary objectives of technology adoption in the construction industry,
mirroring findings from other studies.

Keywords: augmented reality, digitalization, mixed reality, technology, virtual reality.

Introduction

Progress is a fundamental trait of human beings. The essence of this inherent trait is the
cornerstone of the engineering profession, driving forward the wheels of technological
progress. The 21% century stands as a beacon of unparalleled technological progress.
Significant fields including science, commerce, medicine, communication, and myriad others
have reaped immense benefits from the progress in technology.

This interaction, destined to endure throughout human existence, serves as a profound catalyst
for the dissemination of knowledge and the pursuit of new inventions. In fact, humankind’s
prowess in making discoveries has expanded to such an extent that we now witness the
occurrence of multiple innovations within the same field simultaneously. Hence, the relentless
surge of technological progress, continually stretching the boundaries of human
understanding, propels humanity toward entirely novel horizons with each passing moment,
ushering in transformative shifts in human existence.

Technological progress makes substantial contributions to a multitude of disciplines, both
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theoretical and practical. The success of developed nations is underpinned by their utilization
of technological progress, effectively integrating it into practical applications. The adept
handling, assessment, and transmission of information represent one of the paramount
domains in which these nations have achieved remarkable success. The effectiveness of these
initiatives has steered countries aspiring to robust future planning towards closely monitoring
technological advancements in delivering information, audio, and visual content. The
societies of the future are constructing their foundations on what we presently call information
technologies. Hence, it is imperative to ensure that the current technological infrastructure is
positioned to its fullest potential. Failing to do so may lead societies to grapple with
increasingly intricate and challenging issues in the years ahead. Given the advantages they
offer, virtual reality (VR), augmented reality (AR), mixed reality (MR), and extended reality
(XR) applications rightfully claim significant and indispensable roles across numerous
sectors.

While the construction industry certainly leverages technology, other industries often enjoy
more extensive benefits from technological advancements. Specifically, the automotive,
furniture, and health industries are swiftly embracing technology, effectively addressing
shortcomings and closely tracking technological advancements.

Technological application areas in the construction industry are quite wide. Starting from the
planning stage, technology applications can be used at all stages such as construction, control,
delivery, maintenance and renovation. These applications include applications and devices
such as VR, AR, drones.

Virtual Reality

VR represents one of the environments crafted within the virtual realm, offering avenues for
exploration. It has spurred the development of a wide array of other applications. VR can be
described as a human-computer interface enabling users to interact and immerse themselves
within computer-generated environments. VR, often categorized as an interaction modality, is
a specialized environment that harnesses various effects to augment the user’s real-world
experience through computer-generated visuals, audio, and textual content.

VR is a computer simulation employing a specialized digital system integrated with sensors,
enabling lifelike interaction within a three-dimensional image or environment (Whyte et al.,
2003). Pivotal researcher in the historical progression of virtual reality is Ivan Sutherland,
whose creation of Sketchpad in 1963 marked the inception of the world’s first interactive
computer graphics application. Sutherland, alongside his students Bob Sproull, Quintin
Foster, and Danny Cohen, is also credited with developing The Sword of Damocles,
recognized as the world’s first head-mounted virtual reality device (Sherman & Craig, 2019).

An examination of virtual reality applications within the construction industry unveils the
following insights:

The construction industry and its management have emerged as ambitious frontiers for the
implementation of VR. The abundance of opportunities for application in the construction
industry has spurred experts to delve into researching the optimal utilization of VR
technology. VR holds significant promise for successful applications across various facets of
the construction industry, including project planning, progress monitoring, work management,
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worker training, time and cost analysis, quality management, and sales processes (Ahmed,
2018).

The construction industry, leveraging technological advancements to their fullest extent, has
forged significant pathways for utilization within the realm of VVR. The construction industry
has acknowledged the invaluable advantage of VR’s immersive, three-dimensional experience
as a pivotal tool for human interaction. Furthermore, VR introduces a modern and highly
effective facility management system, elevating the capabilities of project authorities to a
level of satisfaction previously unparalleled (Koch et al., 2014).

Dedicated efforts on this topic in recent years have yielded fruitful outcomes. VR holds
immense promise for the future, offering solutions that cater to the desired expectations of
project owners, managers, and workers alike, thereby promising significant contributions
across the construction industry (Behzadi, 2016). Before the integration of VR technology
into the construction realm, error management was both costly and time-intensive. However,
thanks to VR technologies, error management has become remarkably straightforward and
efficient, eliminating the need for physical labor. Consequently, resource savings are achieved
through more efficient management of labor, costs, and time (Yenigun et al., 2020).

Deaths and injuries resulting from construction accidents, which escalate annually, represent a
significant challenge that the construction industry must actively strive to prevent. Hence, one
of the paramount concerns in construction projects revolves around the training of employees.
This is because construction quality and worker safety often hinge on the thorough, ongoing,
and effective training of workers (Demirkesen & Arditi, 2015). Through the integration of
simulation into Building Information Modeling studies, VR glasses were employed,
culminating in a thesis study demonstrating the potential for a heightened and more realistic
perception of images. The VR image is presented in Figure 1 (Koyun, 2017).

Figure 1: VR sample image.

Augmented Reality

AR can be defined as an enhanced view of the real-world environment and its contents,
overlaid with computer-generated audio, video, graphics, and GPS data, either in real-time or
indirectly. This technology, which initially found application in fighter pilots, has since
expanded its presence across numerous fields today. These fields include:-education and
humanities, -protection from natural disasters and nuclear accidents, -art, advertising, and
marketing, -entertainment, health, and museology, -GPS and geotagging, -engineering,
military, and security (Icten & Bal, 2017).

The concept of AR was introduced in 1992 by Thomas Preston Caudell, a researcher at
Boeing, who developed an AR application for industrial use to display assembly designs. AR
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is defined as a technology that seamlessly integrates virtual objects into real environments,
enabling real-time interaction (Azuma, 1997). Another domain where AR is effectively
utilized is the architecture and construction industry. AR applications enable the visualization
of 3D models overlaid on a 2D architectural plan, allowing for a comprehensive view of both
the exterior and interior of the planned building (Gokgearslan, 2016).

Research on the application of AR in the construction industry has been on the rise in recent
years. The growing adoption of this technology in construction industry applications offers
substantial advantages to the sector. For instance, AR provides the opportunity to visualize a
structure before it is built, allowing for the preemptive implementation of precautionary
measures.

A study on occupational safety underscores the impracticality of training new heavy
construction equipment operators on-site under real conditions due to the significant expense,
logistical challenges, safety risks, and difficulty of control. With the AR model ARTS, rather
than undergoing impractical real field training, operators are trained within a real construction
site environment equipped with authentic heavy construction equipment, virtual materials,
and virtual targets (Wang & Dunston, 2006).

In one study, AR technology was employed to create a system that provides workers,
equipment operators, engineers, and managers involved in construction projects with stage-
by-stage information from the initiation to the completion of manufacturing tasks related to
construction or control. In the system developed with smart glasses, users can access training
and construction methods relevant to their tasks directly on the job site, enabling instant
access to necessary information about production while undertaking construction or control
tasks (Kivrak & Arslan, 2018).

In 2015, D. Parmar developed an application aimed at enhancing the graphic technical
knowledge of students enrolled in engineering departments. This application is compatible
with all Android-based mobile devices as well as desktop computers running on various
operating systems (I¢ten & Bal, 2017).

In another study, a review of numerous articles and theses related to AR led to the conclusion
that AR was applied for three primary purposes: reducing project costs through the
application of digital technologies, saving time, and enhancing safety and quality for
construction works and workers (Hajirasouli et al., 2022).

Best-Worst Method

The Best-Worst Method (BWM) was introduced to the literature of multi-criteria decision-
making methods by Rezaei in 2015 (Rezaei, 2015). Compared to other methods, BWM stands
out for its ability to facilitate evaluation with a small number of pairwise comparisons and its
straightforward calculation process. As a result, it has earned a place in the literature among
subjective criteria weighting methods (Asan & Aycin, 2020). The BWM is a method that
computes evaluations by establishing preferences of the most significant criterion over other
criteria, as well as preferences of other criteria over the least important criterion. The
implementation process of BWM involves six stages (Rezaei, 2015).
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Step 1: Criteria {C1, C2, ...... , Cn} appropriate to the decision problem are determined. Step
2: The best (most important) and worst (least important) criteria are identified from among the
criteria by taking advantage of expert opinions. Step 3: The preference level of the criterion
with the best importance over the other criteria is determined. Saaty's 1-9 scale is used to
determine this level. Step 4: Preference levels of all criteria are determined according to the
least important criterion. Again Saaty's 1-9 scale is used to determine this level. Step 5:
Criteria weights (w1*, w2*,... . wn*) are calculated. WB: Weight of the best criterion, WW:
Weight of the worst criterion, ABi: Razei formulated the linear BWM (1) as follows: the
importance of the most important criterion relative to criterion i, the importance of criterion
AiW: i relative to the least important criterion. The final stage is to test the consistency of the
evaluations made. The values in the table of consistency index values are used here.
Consistency index values shown in Table 1 are used in the calculation. Taking values between
0 and 1, a consistency ratio close to 0 means that consistency is high and close to 1 means that
consistency is low.

Table 1. Consistency index table.

aBW 1 2 3 4 5 6 7 8 9
Consistency Index
(max &) 0.00| 044 | 100|163 | 230 | 3.00 | 3.73 |4.47|5.23
Purpose of the Study

The construction industry is evolving into a realm of increasing complexity. Especially the
demand for executing specialized and consecutive tasks within tight deadlines elevates project
risk and often results in errors in the time, cost, and quality triangle. Technology and
digitalization, essential tools in error reduction across all sectors, have become indispensable
for the construction industry. In recent years, Building Information Modeling has emerged as
a crucial tool, particularly for construction projects facing tight deadlines.

Technological applications encompass a wide array of tools, including computer software,
VR, AR, MR, XR, digitalization, digital twin technology, and more. The objective of this
study is to analyze articles, theses, and research on VR and AR in the construction sector,
with the aim of identifying the areas where maximum benefit can be derived from
applications of VR and AR.

Determination of Criteria for BWM

The applications of virtual and augmented reality, crucial components of digitalization,
remain relatively limited in Turkiye at present. In order to determine the areas where
maximum benefit can be obtained from virtual and augmented reality applications, articles,
theses and researches on virtual and augmented reality in the construction sector were
analyzed at this stage. As a result of these analyzes, the following criteria were determined.
The criteria obtained were then evaluated in interviews with experts; Determining the best and
worst criteria and ranking from the best criterion to the others was made. The number of
experts interviewed is 15 people. 11 civil engineers and 4 architects were interviewed. Of the
experts interviewed, 11 people have 15-20 years of experience and 4 people have less industry
experience.
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The criteria are determined as follows: Increasing quality (Striving to maximize quality
throughout the project phases), Minimizing errors (Detecting errors before they occur during
the project phases and intervening promptly if an error arises), Maximizing profit rate
(Endeavoring to maintain the profit rate at the highest level through applications), Rapid
access to desired information (Seeking to access necessary information as quickly as possible,
particularly in complex structures), Expanding market share (Aspiring to reach and influence
a wider range of buyers through applications), Occupational health and safety (Aiming to
minimize or eliminate occupational accidents), Streamlining documentation (Working to
minimize the significant time and cost associated with procedures and archiving due to the
need to maintain every document).

0.254

0.197

0.131 0.131 0.131

0.056

&

>
o

Figure 2: Best-worst method / determined weightings.

In the interviews with experts, the criterion deemed the most favorable was increasing the
profit rate, while the criterion considered the least favorable was minimizing documentation.
Using the Best-Worst Method, weightings were determined based on the outcomes derived
from selecting the best choice and the worst choice. According to the results obtained from
the application, the ranking of goals with virtual and augmented reality determined that
increasing the profit rate held the first place, while minimizing documentation ranked last.
Figure 2 shows the weightings determined.

According to the weightings determined, increasing the profit rate, which is the most
significant benefit offered by virtual and augmented reality for construction projects, stands
out as one of the primary objectives of technology adoption in the construction industry,
mirroring findings from other studies. This observation underscores that the primary goal in
digitalization is the profitability derived from the investment Examining the ranking,
occupational safety emerges as the second most important criterion. The least significant
criterion among the targeted objectives is documentation, despite its importance for
sustainability and environmental conservation, as it often leads to archiving issues.
Minimizing documentation appears to be of least importance among the criteria.
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Results

Our world, continually shaped by technological innovations, is transitioning into a more
computer-centric existence with each passing day. This rapid transformation precludes the
possibility of returning to our lives as they were before. Today’s humans, transitioning from a
mobile lifestyle to a mobilized existence, are evolving towards a living model that craves
communication in a borderless universe, driven by the necessity for rapid access. The needs
arising from this change and development spur numerous innovations in human usage.

Among the promising innovations are VR and AR. These two applications maximize the
utilization of technology across every sector. Compared to other sectors globally, the
construction industry lags behind in terms of digitalization and technology adoption.
Especially in Turkiye, the construction industry is not at the desired level in terms of
digitalization and technology adoption. There are likely several reasons why the construction
industry in Turkiye has not reached the desired level of digitalization and technology
adoption. Some factors contributing to this situation include the high initial investment and
maintenance costs associated with digitization, lower levels of education among workers,
insufficient training on VR-AR products in our country, challenges in adapting to innovation,
and even resistance from employees. Furthermore, the presence of numerous subcontracting
firms may hinder full integration.

To list the passive benefits of these applications step by step:

Taking into account the inception, completion, and ongoing management of a project, VR and
AR applications can be leveraged to their fullest extent at each stage.

During the planning phase, transferring projects to a virtual environment enables various
decisions to be made, such as assessing the sustainability of the building to be constructed on
the site and optimizing energy-saving measures.

It aids in critical decisions such as material selection during the implementation phase and
facilitates the detection or intervention of errors overlooked during the project phase. It can
also provide maximum benefit in safeguarding worker health. Moreover, it will assist in
reducing time and waste associated with paperwork and administrative procedures.

Following project completion, in scenarios such as maintenance and repair, it facilitates
prompt intervention before damages escalate.

Given that one of the primary objectives of any business is profitability, marketing becomes
more streamlined with VR and AR. Customers can be reached swiftly, regardless of their
location worldwide, at minimal cost, thereby maximizing market share.

In this study, while increasing the profit rate ranked as the primary objective, occupational
health and safety emerged as the second priority. Thirdly, the objectives include increasing
quality, minimizing errors, and expanding market share. In fourth place is rapid access to
requested documents and information, with minimizing documentation ranking last.

In summary, recent research indicates that VR and AR technology will play a significant role
in the future of construction management. It will deliver cost, time, and energy savings
through its integration into various facets of the construction industry, while also enhancing
productivity by positively impacting occupational and worker health. Moreover, it will serve
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as an effective communication tool during the sales phase, which is pivotal in the construction
industry, streamlining the use of time by obviating the need to visit physical locations. In the
coming years, mixed reality (MR) and extended reality (XR) applications are anticipated to
propel the sector even further.

All of this research underscores the essential role of technology in the construction industry.
Despite lagging behind other sectors for various reasons, it is believed that the construction
sector will undoubtedly become more receptive to concepts such as technology and
digitalization in the coming period.
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Abstract

With the advancement of technology, the concept of digital twin (DT), currently used in sectors
such as automotive, healthcare, and aviation, is also gaining prominence in the construction
industry. The development of the DT concept is expected to play a transformative role in the
construction industry. The aim of this research is to reveal the current capabilities and the
areas that need to be developed during the DT applications in the construction industry. In this
context, a DT software utilized in the construction industry in Turkey was employed to analyze
a selected construction site, and the current contributions and shortcomings of the DT were
identified. The findings of this study are expected to contribute to enhance the application and
utilization of the DT concept in the construction industry.

Keywords: construction industry, digital twin, technology.

Introduction

Digital transformation has come to the forefront in the construction industry, as in many other
sectors, especially in recent years. With the development of technologies such as augmented
reality, mixed reality, internet of things, unmanned aerial vehicles, artificial intelligence, the
opportunities to benefit more effectively from the concept of digital twin (DT) are improving
day by day. The concept of (DT), which has been used for a long time in areas such as aviation,
space sciences and parts production, is becoming a tool that is supported in the production
process in the construction industry every day.

The concept of DT was first defined as "digital equivalent to a physical product” by Michael
Grieves at the University of Michigan in 2003. A DT is a virtual representation of an object, its
parts, or the system to which the object belongs, which uses real-time data to obtain information
and make decisions about the process during its life cycle. DTs, which can work in real time
and provide the user with the desired information about the simulated object, object part or
system at every stage, are not static, but living dynamic entities (Ceylan, 2019).
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According to Ceylan (2019) cited in Grieves (2016), there are three basic requirements for
creating a DT: a real object in the real world, a virtual object in the virtual world, and a
connection between the real world and the virtual world. The system is maintained as a
bidirectional dynamic relationship between the real object and the virtual object.

The purpose of utilizing DTs is to respond to a number of needs such as monitoring a real object
throughout its lifetime, tracking and controlling its work, ensuring that it works correctly, and
testing the changes to be made in the virtual environment before implementing them in the real
object. Thus, time losses can be prevented by establishing a cost-process balance. In addition,
productivity can be increased in production by contributing to issues such as efficient use of
labor, completing the work to be done in a short time and correctly. The technologies used to
create a DT include smartphones, video cameras, laser scanning, VR/AR technologies,
unmanned aerial vehicles (UAVS), Internet of Things (1oT), artificial intelligence. By using a
combination of several of these technologies according to the need, stages focused on data
collection, data analysis, data transformation into information and information delivery are
provided. The more data can be captured, transformed into information and utilized on a system
basis, the greater the value of the DT (Ceylan, 2019).

The aim of this research is to evaluate the construction phase of the DT concept in the
construction industry within the framework of a sample. In the scope of the study, the
theoretical framework of the DT concept and its implementation in the construction phase
within the construction industry were revealed. For this purpose, interviews were conducted
with various companies and the data of the companies that offer and utilize DT services in the
construction industry were compared. Afterwards, these data were tested with a sample.

Material and Method

The status of DT concept in the construction phase in the construction industry was analyzed
in this research. Firstly, companies that provide and benefit from DT services in the construction
industry were interviewed, and then a DT was created during the construction phase of a
building in a selected sample area. The data obtained as a result of the company interviews and
the data obtained during the sample study were compared and the opportunities and limitations
of the construction phase of the DT concept in the construction industry were evaluated.

One DT company called BIMCRONE and serving the construction industry in Turkey was
selected. In-depth interviews were conducted with authorized employees from BIMCRONE
operating in Ankara. Afterwards, in-depth interviews were conducted with authorized
employees from TEKCE INSAAT-Antalya Homes, which receives DT service from
BIMCRONE in Antalya. Then, a construction site in Dosemealt1 district of Antalya province
was selected as a sample and the DT of the project was created with BIMCRONE software.

DT in Construction Industry

Although the research on the DT concept in the construction industry is still in at early stage, it
is predicted that the DT concept will become more prevalent in the construction industry in the
future and even transform the industry. Many actors such as architects, engineers, users and
employers are involved in all processes of a building from design to operation. It is also clear
that DT technologies will contribute to multidisciplinary studies in terms of the simultaneous
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accessibility of information about the building by many actors, control of the processes and the
ability to intervene in the processes by different stakeholders in cooperation (Ceylan, 2019; Tao
et al., 2019). Designers can utilize DT technology to make efficient decisions about the project
and thus have a "digital footprint” of the project (Tao et al., 2019). The data collected using the
DT can be saved in a database and used by designers in subsequent projects (Qi & Tao, 2018).
The DT is also useful for decision-making on issues such as material selection, energy
management, and product procurement. Early design decisions such as sustainability and
feasibility studies can also be finalized correctly thanks to DT technologies. Other actors
involved in the project processes can also participate effectively in the processes, effective
planning can be ensured, project processes can be clearly understood by each participant, and
what needs to be done at each stage can be realized. All this ensures effective communication,
cooperation and mutual trust among project stakeholders (llhan & Yaman, 2016; Dubas &
Pastawski, 2017). For these reasons, the contributions of DT technologies to the industry are
important, especially in high-cost industries. As Sepasgozar (2021) states in his study, the most
pressing need in the construction industry is continuous or near real-time data exchange using
a secure and high-speed network.

Results

In-Depth Interviews

According to the information received from the service provider; the current DT software is
compatible with Windows operating system but does not work with MacOS operating system.
On mobile phones, it works compatible with both the 10S and Android operating systems. The
company only serves the construction industry. As of June 2023, they have been serving to five
companies in Turkey. There are 15 companies that are in the trial phase and using the demo
version of the DT software they developed. All of the companies they serve benefit from the
DT software at the construction phase. Data input to the system is done manually. According
to the information obtained from the company official, the data collection system with
unmanned aerial vehicles is not currently preferred due to its weaknesses in terms of data
security. However, they plan to analyze and interpret the data with augmented reality (AR)
constructions that they purpose to implement in a few years. In this way, it will be possible to
interpret the necessity of this need for revision, and to have information about its cost and
process. It’s therefore expected to make a positive contribution especially in the decision-
making phase in the need for revision. In addition, since the production and DT model progress
in parallel with each other during the construction phase, the production cost is lower and the
quality is higher compared to the traditional method. At the very beginning of the process,
information about the deficiencies to be completed can be obtained and process management
can be carried out much more effectively. The initial investment cost is also very low for the
current situation. The model installation is completed by the technical team within 1-2 days and
is available to different users. Different accounts can be created for different stakeholders such
as architect, construction site supervisor, civil engineer, accounting, etc., and thus the areas that
are under the responsibility of everyone are opened to individuals. In this way, data security is
quite high compared to current conditions. Users can be customized according to processes (E.
Burukoglu, personal interview, 04.03.2024; E. Burukoglu, personal interview, 20 May 2023;
N. Akin Oztabak, personal interview, 15 May 2023)

According to the information obtained from the service provider, the current DT construction
provides more holistic information on quantity and cost. As mentioned in the literature,
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bidirectional data flow is not yet available. Data input to the system is done manually in parallel
with the construction phase. In addition, the locations of the building elements in the system
can be displayed together or separately. However, information about the components that make
up the building element cannot be accessed (reinforcement location in the column, etc.). In this
respect, it is not possible to benefit from the DT when there is a need for modification during
the usage phase. Access and approval of different people can be provided at different stages.
While creating the DT model, models made in Revit software are used. When the project
models taken from Revit, which is an object-based software, are transferred into BIMCRONE,
the components of the building elements appear piece by piece. For this reason, before starting
to create the DT, these elements should be combined and turned into objects (K. Tekce, personal
interview, May 25, 2023).

Field Study Results

The BIMCRONE software, which is currently used to create a DT in the construction industry,
was compared with the information obtained in the in-depth interview and the construction
process at the construction site selected as a sample.

The construction process of Block A in the project named "ANTALLE" located in the
Dosemealt1 district of Antalya province was selected as a sample. The rough construction phase
is still ongoing at the construction site. While the construction process of the selected project
continued with the traditional method on site, the REVIT model of the building was
simultaneously integrated into the DT software and experienced. Accordingly, it is observed
that the DT provides a holistic view of the process and provides effective process management.
Currently, only the data input of the architectural project was experienced. In addition to this,
it is anticipated that the holistic perspective will improve if data input of other projects can be
provided. In this study's sample, only one user was defined on BIMCRONE, allowing access
to the entire system through a single user. By assigning different users, access to different stages
is facilitated, ensuring effective stakeholder participation. In case of the need for revision at the
construction site; changes are made in the software in which the model is worked (REVIT), and
then the changes made are transferred to the BIMCRONE model. On the other hand, since data
cannot be transferred from each project to the BIMCRONE system, it can be said that the digital
footprint criterion of the building should be improved. Since the traditional construction process
continues at the construction site, the DT had no impact on the sample in terms of labor costs
and increased quality of production. Energy consumption monitoring-control, ease in operation
and maintenance, and feedback elements have not been experienced since they are related to
the usage phase. Since the system does not yet include different equipment such as AR/VR
devices and UAVs, the investment cost cannot be said to be high. Lack of cooperation is one
of the features that need to be improved. As existing users enter data into the system,
collaboration between different disciplines will be improved. Since there is traditional
production at the construction site, it cannot be said that the DT causes human error at this
stage. However, there is a risk of making mistakes during data input to the system. Regarding
the need for space on the construction site, a DT can be created with a computer with sufficient
hardware. It can be installed on a computer at the construction site that allows taking images
for security purposes, and it may be possible for the site supervisor to routinely update the
system. Since data input is done by users in the traditional process, there is no reduction in
employment.
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Unlike the traditional method, in the construction process carried out with the DT; as seen in
figure-1; a lot of information can be viewed and controlled through a single system. Information
such as the progress of the process, necessary revisions, stages awaiting approval, quantities
can be accessed by different users at different stages. It is also possible to control this access.
BIMCRONE, the DT software, offers all these possibilities to its users.

i

Figure 1: Project informations on BIMCRONE.

For example, the system waits for the approval of the building inspection at the stage approved
by the site supervisor and forwarded to the building inspection for control. At this stage, the
building inspection gives approval through the system after providing the necessary controls in
the field. In addition, if only the building inspection user is defined at this stage, other
participants can view the system but cannot intervene in the approval section. From this point
of view, it can be said that it contributes to quantity and cost. It is also possible to say that it
provides data security by differentiating the authorization of users in access and intervention
sections.

In addition to all these, bidirectional data flow is not yet possible due to manual data input to
the system. On the other hand, the more data input to the system, the more realistic a DT can
be obtained. Currently, architectural data input can be made in the BIMCRONE software, which
works with REVIT infrastructure. In some cases, static data input can also be provided in a
certain amount. Since the reinforcements in the reinforced concrete cannot be entered, the
structural elements in the system are displayed only as column-beam-curtain-slab.

In case there is a need for revision during the control stages (on-site solution in the field, etc.),
revisions can also be made in BIMCRONE after the revision is made on the software where the
model is produced. In this case, a user must be defined and included in the system for the
relevant project author and BIMCRONE company official for revision. Revisions that must be
completed in construction area are seen in Figure 2 and Figure 3.

Figure 2: Revisions in pool area.
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Figure 3: Revisions in elevator area.

Discussion

Utilizing the DT concept at the construction phase in the construction industry offers a holistic
perspective on cost and process management under current conditions. It is envisaged that with
the transfer of more data to the system in the following processes, the holistic perspective will
be integrated more into the process. Additionally, by involving various stakeholders in the
system, both the holistic perspective will be improved and the opportunities for cooperation
between different stakeholders will increase. Consequently, more effective process
management can be carried out compared to the current situation. Broo and Schooling (2021),
as a result of their interviews with industry executives in the UK, put forward the idea that DTs
will contribute to different stages of the construction industry, and that the products of the
construction industry will be built faster, higher quality, lower cost and more sustainably.

It was also observed that the more data can be captured and converted into information on a
system basis, the more realistic information the DT provides. In addition, as the possibility of
utilizing the information in the DT increases; the value of the DT increases (Ceylan, 2019).
This enables the digital footprint of the structure to be obtained. With the digital footprint,
potential problems that may be encountered in similar structures to be built in the future can be
identified in advance, measures can be taken, and various solutions can be developed in
advance.

Currently; stakeholders using the DT can be listed as architects, engineers, construction site
managers, building inspection authority. Considering that the DT is currently progressing with
a manual data collection system, it is observed that there is no need for extra skilled personnel
to benefit from the system. However, in the following processes; it is expected that there may
be a need for skilled employees in this regard with the execution of the data collection phase
by utilizing systems such as unmanned aerial vehicles and the internet of things. In their study,
Broo and Schooling (2021) also addressed the lack of skilled people working in the industry as
one of the challenges in the use of DTs in the future. However, according to the information
obtained from the BIMCRONE company official; technologies such as unmanned aerial
vehicles and internet of things cannot provide sufficient data security at the construction phase
in the construction industry (E. Burukoglu, personal interview, 04.03.2024). For this reason, it
is foreseen that these technologies will not be integrated into the system in the near future and
that DTs will continue to be created with manual data input. Accordingly, a decrease in
employment is not foreseen yet. However, it should be kept in mind that the possibility of
human error is high with manual data input.

Alshammari et al. (2021), in their study on the development of the Internet of Things, stated

cyber security as one of the biggest obstacles to the development of the DT concept. For this
reason, they suggested identifying risks by comparing existing DT constructions, comparing
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these risks with public policies, and moving forward in cooperation with industries working on
cybersecurity. One of the reasons for the current manual data input in the BIMCRONE system
is the prediction that the cyber security problem will not be solved in the near future (E.
Burukoglu, personal interview, 04.03.2024).

Peng et al. (2020) stated that DT constructions in the construction industry carry a financial risk
due to the investment cost in projects, and even in the absence of careful planning from the
design phase; it is almost impossible to add various devices and hardware to the system later.
However, in the current situation, only a computer and software are sufficient to create a DT,
For this reason, DT constructions are not yet a cost-increasing factor for the construction phase
in the construction industry. In the future, as the technologies utilizing the DT become more
widespread, it is predicted that the issue of DT initial investment cost will gain importance. In
addition, since the hardware required for the DT is a computer and software, there is no need
for extra space on the construction site.

Conclusion

In this research, the construction phase of DT in the construction industry was evaluated. The
data obtained as a result of in-depth interviews and field study were categorized as the
opportunities of the DT in the construction industry and the limitations it currently has.

One of the contributions of the DT concept in the construction industry is, that it provides
particularly effective process management and effective stakeholder participation during the
construction phase. In this respect, it is obvious that the DT offers a holistic perspective
opportunity at the construction phase. Another opportunity is to have a "digital footprint” of the
designed building. With the digital footprint, in cases where the building needs to be revised
during the usage phase, the information in the invisible parts of the building can be accessed
before the revisions (mechanical system, etc.). In the current conditions, a computer and
software to create a DT are enough to create a DT of a building. Therefore, the initial investment
cost of the DT is low. Since the computer hardware is sufficient to create the DT in the current
situation, there is no need for extra space on the construction site. The existing DT software
allows different stakeholders to be involved in the system in different processes. Each
stakeholder can work on the relevant area, thus data security can be ensured in the system. In
summary, DT has the opportunity to be preferred by investors due to its low initial investment
cost, no need for extra space on the construction site and data security.

On the other hand, the concept of DT is still developing, especially in the construction industry.
For this reason, it has various limitations as well as opportunities. Manual data input to the
system still increases the risk of human error. In addition, in case of a different production from
the project in the field (on-site solution, etc.), the revision in the field must first be transferred
to the model and then to the DT in order for the DT to accurately reflect the building. In case
of an on-site solution, the relevant stakeholders in the field should notify this revision to the
relevant stakeholders via the DT system and the change in the field should also be revised in
the model and DT. Therefore, this step is also a necessary step for the digital footprint.
However, there is no regulation in the current system that will make this update compulsory. It
is a fact that revisions are left to the initiative of the relevant stakeholders. Leaving it to the
initiative of individuals to update the changes made in the DT is another limitation of the DT.
In order for the DT to be a dynamic system, bidirectional data flow is required between the
building and the twin. In the current system, the fact that data transfer is manual in both
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directions prevents the process from proceeding simultaneously. The lack of simultaneous
progress between the DT and the building can be expressed as a limitation in terms of the need
for the DT to be a dynamic system.

The identification of only one company providing DT services in the construction sector in
Turkey; the use of the REVIT program to create the DT substrate of the architectural project in
the selected sample area; the incompatibility of static, mechanical, and electrical projects with
the BIMCRONE system, leading to their inability to be transferred to the DT, and the inability
to access cost data for the selected sample structure, constitute the limitations of the study.
Despite the defined limitations, it is anticipated that the study will provide practical and
theoretical contributions to the literature. The theoretical contribution of the study lies in
shedding light on the areas and technologies that need to be developed in the construction phase
of the DT concept in the construction industry. The practical contribution of the study can be
stated as the realization of the importance of the contributions of the development of DT
technologies applied in the construction industry to the construction phase and thus, with the
development of these technologies, they can be preferred more by the stakeholders in the
industry.
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Abstract

Advancements in Information and Communication Technology (ICT) are reshaping the
Architecture Engineering and Construction (AEC) industry, challenging traditional business
practices. Mobile devices and mobile apps, cloud computing, Building Information Modelling
(BIM), additive manufacturing are some of the disruptive innovations that are compelling a
reevaluation of strategies for enhanced industry efficiency. Among emerging innovations,
advances in artificial intelligence (Al) is one of the most debated technological advances of
today. Large language models (LLM) have the potential to profoundly impact the AEC industry,
akin to other transformative technologies. This paper explores the intersection of Al and AEC
research, leveraging a meta-classification framework for literature analysis through an LLM
Al tool in an attempt to give an overview to researchers who aim to use these tools for research
purposes. The study introduces preparatory steps and compares analysis results with prior
research, demonstrating the promising outcomes of Al integration in research processes. Initial
findings suggest the potential for faster, more focused, and efficient research outcomes,
contingent on effective Al training methodologies. However, there are limitations that
researchers should be aware of while using the assessed Al tools for construction management
research.

Keywords: architecture engineering and construction (AEC), artificial intelligence (Al) in
research, ChatGPT, construction project management, Gemini.

Introduction

The recent years have witnessed a surge in technological innovations within the AEC industry,
driven by the exponential growth of ICT advancements. The business practices of AEC industry
has long been challenged by implementation and adoption of innovative ICT solutions, such as
the ones to streamline project delivery processes, enhance collaboration, and improve decision-
making. From mobile devices to additive manufacturing, BIM systems to cloud-based project
management platforms, the integration of ICT has revolutionized the way projects are planned,
designed, and executed (Redwood et al., 2017). In parallel with these ICT advancements,
introduction of Al technologies to the wider public have emerged as a game-changer in the
AEC industry, offering unprecedented opportunities for automation, optimization, and
innovation (Ceylan, 2021). Despite being anticipated as one of the later phases of Al
integration, industries reliant on creativity, such as design, found themselves within the core
application area of such tools. Within a brief period, there has been a rapid emergence of
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applications and platforms. They include image generation engines capable of aiding language-
based conceptualization, as well as generative space design tools. These tools facilitate the
creation of plans and visual representations of optimized space alternatives based on input
criteria. However, the field of application is not limited to building designs. Passing through
the field of building performance analysis (Pan & Zhang, 2021), construction project
management disciple also takes its own share from these variety of tools created by the use of
Al technology. Tasks like risk assessment for existing buildings, predictive maintenance,
building performance optimization and Al and BIM integration (Pan & Zhang, 2023) are some
of the topics of where Al can be used offering opportunities to increase efficiency, precision,
and quality.

However, another potential of ICT in AEC is the research capabilities it offers. This potential
lies in its ability to facilitate data-driven insights and analytics, paving the way for evidence-
based decision-making and knowledge discovery (Davenport & Alavi, 2023). Generative Al,
in particular, has garnered significant attention for its ability to mimic human-like text
generation, enabling researchers to analyze and interpret textual data on a massive scale. Recent
research on Generative Al’s problem solving performance show that even the free versions of
these tools are capable of solving Project Management Professional exam with remarkable
grades (Vakilzadeh et al., 2023). By harnessing the power of large language models (LLMs)
and natural language processing (NLP) algorithms, researchers can now unlock valuable
insights from vast repositories of textual data, accelerating the pace of research and innovation
within the AEC domain.

The integration of Al technologies into AEC research opens up a myriad of possibilities for
advancing knowledge and driving industry progress. From predictive analytics and risk
assessment (Rokooei et al., 2023) to semantic analysis and sentiment analysis, Al-driven
methodologies offer researchers unprecedented capabilities for extracting actionable insights
from textual data (Pan & Zhang, 2021). By leveraging Al technologies, researchers can uncover
hidden patterns, identify emerging trends, and inform evidence-based decision-making in
construction management and related disciplines. This paper represents initial results of a more
extensive research on drivers and barriers of innovation in AEC, and it is expected to contribute
to the construction project management research agenda.

Literature Analysis Using a Meta-Classification Framework

Literature analysis stands at the forefront of academic research, providing scholars with
invaluable insights into existing knowledge landscapes and paving the way for new discoveries
(Dickinson et al., 2006). One promising approach to literature analysis lies in the utilization of
a Meta-classification framework, which offers a structured and systematic method for
categorizing and organizing vast amounts of textual data. By employing such a framework,
researchers can effectively navigate through the vast sea of literature, identifying key themes,
trends, and gaps in knowledge within their field of study. This meta-classification approach
enables researchers to not only comprehend the current state of the field but also to discern
underlying patterns and relationships that may not be immediately apparent. Moreover, by
synthesizing diverse perspectives and methodologies found within the literature, researchers
can gain a comprehensive understanding of complex phenomena and propose innovative
solutions to pressing research questions. Ultimately, the adoption of a meta-classification
framework empowers researchers to conduct more rigorous and insightful analyses, thereby
advancing the frontiers of knowledge and driving meaningful progress in their respective fields.
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In recent years, the advent of generative artificial intelligence (Al) has introduced new
possibilities for literature analysis within a meta-classification framework. Generative Al
models, such as GPT (Generative Pre-trained Transformer), have demonstrated remarkable
capabilities in understanding and generating human-like text. Leveraging these advanced Al
technologies, researchers can enhance literature analysis by automating certain aspects of the
meta-classification process. Generative Al can assist in tasks such as summarizing large bodies
of text, extracting key concepts, and identifying relevant categories within the literature. By
harnessing the power of generative Al, researchers can expedite the literature review process,
uncovering insights more efficiently and effectively than traditional manual methods alone.
Furthermore, generative Al can aid in the synthesis of disparate sources, facilitating the
identification of interdisciplinary connections, emerging trends across diverse fields of study as
well as knowledge gaps (Schryen et al., 2024). However, the lack of research on the
opportunities and challenges of the Generative Al for the AEC industry, represents a notable
knowledge gap itself (Ghimire et al., 2024). While challenges such as bias and accuracy must
be addressed, the integration of generative Al into literature analysis holds immense promise
for advancing knowledge discovery and fostering interdisciplinary collaboration in research
endeavors. According to the Linkedin Working Report 2024, employees are eager to learn more
about how they can use Al in their business tasks with %80, while only %38 of the US
executives are currently aiding their employees to become Al-literate (2024 Workplace
Learning Report | LinkedIn Learning, 2024).

While the potential of Al technologies in AEC research is vast, several challenges and
considerations must be addressed to realize their full benefits. Data privacy, model bias,
interpretability, trust (Emaminejad et al., n.d.) and ethical considerations are among the key
challenges facing researchers as they navigate the evolving landscape of Al-driven research
methodologies. Moreover, the integration of Al technologies into existing research practices
requires careful planning, collaboration, and adaptation to ensure seamless integration and
optimal outcomes.

Methodology
Data Set Selection

In order to explore the potential of Generative Al on resolving academic texts, a previous
research paper by llter and Dikbas (2008) is selected. The mentioned paper analyzes a sample
of 63 peer reviewed articles from 5 different international refereed journal publishers’
construction management journals published in the last 10 years. The analysis filters the articles
using keywords that are searched in title, abstract and keywords sections. The main aim of the
paper is to explore the main innovation drivers and barriers using a meta-classification
framework. The framework consists of 15 factors under four different categories, namely:
Author, Content, Research Style and ldentified Drivers and Barriers. After the number of
filtered set of articles are finalized by using the publisher’s search engines, all the relevant data
is collected from the articles using the university library resources personally by the researchers.

Research Structure

Using the same set of factors, this research aims to find out how generative Al can guide
researchers to extract data from scholarly articles within the same framework. As the research
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aims to explore the performance of Generative Al to extract the needed data from articles the
previous research by Ilter and Dikbas (2008) is used to validate the results. In order to complete
this task the same set of articles used in the research of llter and Dikbas (2008) is downloaded
as pdf formatted text documents and uploaded to the selected Generative Al interfaces
depending on their requirements in pdf or plain text format. Automator 2.10 software is used to
convert pdf documents into text where needed. A set of 15 questions that covers the factors of
the previous meta-classification framework is developed using the first 10 articles in discussion
with the Generative Al interfaces and using the information from web sources like (Kubow,
n.d.) and constructive guidance of two academicians working on Al, by separate interviews.
Due to their guidance, five key factors that should be considered are identified as follows and
the question set is developed accordingly:

e Using clear instructions at every stage of communication,
Adopting a persona, and setting the stage according to the task needed
Specifying the format of answers expected before start
Trying to avoid leading the answer
Limit the scope

The set of 15 questions that examines the meta-classification framework is used without major
changes in the following 10 articles and the initial results are presented in this paper. These
questions include a combination of zero-shot and few-shot prompting techniques due to the
nature of the queried factors. Further research is planned to complete set of 63 articles of the
previous research, and the results are planned to be released in a future research article.

Selecting the Generative Al Tool
As the main aim of this is to understand the performance and capabilities of LLM applications
that everyone can reach, in this stage of the research selecting a Generative Al which offers a
free plan is considered. Options for the Generative Als are considered via a quick web search
using the “free generative Al for text analysis” query and 5 options are listed in Table-1.

Table 1. Generative Al options considered.

Data Formats for Limits of Paid

Al Tool LLM base Limits of Free Plan . Cost of Paid Plan
Interaction Plan
ChatGPT-3.5 GPT-35 unllm!ted messages, interactions Text
and history

Gemini Pro (Gemini
Gemini Ultra 1.0 on the N/A Text, Speech

paid plan) Based on usage Variable pricing
ChatPDF GPT-based 2 files / 120 pages /20 questions Text, PDF files tiers based on usage
ChatDOC GPT-based 2 files / 20 pages /20 questions Text, DOC files
ZenoCHAT Not specified 20 questions Text, Chat interface

The LLM that the Al tool depends on, limits of the free plan, data formats for interaction are
considered to make a decision for the final selection. Between these Al tools, ChatGPT-3.5,
Gemini Al and ChatPDF are selected for this research. ChatGPT-3.5 is considered due to its
widely used LLM base and its substantial free plan while Gemini Al is considered as it is
pointed out as one of the biggest rivals of the ChatGPT and its extensive free plan. Finally,
ChatPDF is added to the research because of its capability to interact with direct pdf formatted
document uploads.
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This research has limitations that are related to the selected Generative Al tools and their
restrictions as well as the research design including the limitations of the previous research
selected to compare the results of Al interface. All these limitations are extensively discussed
in the Results and Discussion section.

Results and Discussion

Articles are uploaded one by one, according to the format accepted by the Generative Al tools
selected. ChatPDF interface enabled pdf formatted text uploads, so downloaded articles are
uploaded easily. On the other hand, ChatGPT 3.5 and Gemini accepted only plain text, so the
articles are transformed into text formatted documents using Automator 2.10 software.
Moreover, due to the text size limitations documents are cut into two or three pieces and fed
into the Al tools following an introduction prompt that basically describes the upload process
and defines the expectations after giving the set of questions. Then, the answers are copied into
an MS Excel file and processed for analysis. Although ChatPDF seemed more competent for
the task due to its pdf formatted text interaction availability, it is dropped from the Al tools list
due to unexpected challenges faced after five articles. These challenges are caused by its free
plan allowance of only two document uploads per day and the instabilities faced while using
the tool.

The answers received are processed on a table to match the same wording for each Al tool.
After editing the answers, each box on the table is colored to show the accuracy of the answers
in comparison with the answers of the referenced article (Ilter & Dikbas, 2008). Coded colors
and their meanings are shown on Table 2. According to these codes, between red represents an
unmatching answer and green is the exact answer in comparison. Pale green is used to show
altered answers which were unmatching first, but a correct answer is received when the question
is revised and asked again. Yellow represents answers that have missing components, so they
are partially correct, and blue shows answers where some additional information of choice is
suggested by the Al as an answer.

Table 2. Color codes for answer comparison.

color

code provision value
Unmatching answer 0
Not exactly but has in common 0,5

Corrected answer with revised question

Exact result 1

Exact result with additional components

These color codes are turned into numerical values to determine the performance of each Al
tool’s answer to that specific article text. An unmatching answer coded as red is regarded as
zero. While code yellow is regarded as half points (0,5), all green and blue codes are accepted
as correct and regarded as ‘1°. Results of different Al tools in comparison are arranged in two
different table groups. First group of tables is organized to include the meta-classification
framework’s ‘Author’, Content’ and ‘Research Style’ factors defined in questions 1-11.
However, Q1 ‘Number of authors’, Q4 ‘Keywords’ and Q9 ‘Definition of innovation” are not
included in the table due to space constraints. A second set of tables represents the fourth factor
‘Identified drivers and barriers of innovation’.
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Table 3. Results for author, content and style (first page only due to space constraints).
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Table 3 shows the first group of results showing meta-classification framework’s factors of
‘Author’, Content’ and ‘Research Style’. For the first 5 articles ChatPDF’s performance is at a
breakeven point with ChatGPT while they are slightly ahead of Gemini Al, with 65% of
accurate answers against 60%. Although the answers are not identical, this result is not
surprising as the LLM used by ChatPDF is ChatGPT 3.5 itself. After the fifth article ChatPDF
is not queried due to the reasons stated above.

Fine-tuning the questions by revising them in discussion with Al tools went on until the end of
article 10. At the of these performance improvements, results show ChatGPT ahead with
63,75% compared to the score of Gemini with 60%. However, the results changed considerably
for the ChatGPT when the second ten articles are queried. While Gemini’s performance fell
slightly to 56,25% ChatGPT’s performance fell nearly 15% to 47,5%. With these results, at the
end of 20 articles ChatGPT’s performance score was 55,63% while Gemini Al scored 58,13%
in total.

Another table is prepared for the results of Al tools’ scores on the drivers and barriers of
innovation, which is also in accordance with the original article that is being used to compare
the performance. Similar to the first table prepared to compare the meta-classification
framework’s first three factors, these answers are also colored using same colors for coding
given in Table 2. Nevertheless, content of this table demanded a few changes due to the
interaction between the two group of columns on the table that were directly related to each
other.

While the first two columns of the table were deserted for ‘innovation drivers’ and the ‘means
to establish drivers’, following two columns were for ‘innovation barriers’ and ‘means to
overcome barriers’. As viable for any two concepts opposite to each other semantically, while
presence of a notion can be a driver for innovation, lack of it normally causes a barrier. Thus
these two sets of columns can simply be filled with supportive and unsupportive expressions of
the same concept. On the other hand, the original table of drivers and barriers in the reference
article was kept simple, which does not intend to include both the negative and positive
expressions of the same notion on both sides of the table. Due to this simplicity, the original
table avoids repetition and most of the concepts extracted from the articles are placed either on
the barrier or the driver side depending on the approach of the inspected article, leaving many
cells empty. However, when the generative Al tools are asked about these concepts one after
another, they are quite capable of converting sentences to affirm or repulse expressions to fit in
the form of the question. Therefore, the answers of the Al tools may fill in all the cells where
the original table have gaps, or fill in the barriers part instead of drivers with a negative sentence,
or vice versa.

The answers of the Al tools for the drivers and barriers questions are shown in Table 4.
ChatPDF results are excluded as the limitations of the free plan of the Al tool did not enable to
proceed its use in practice. In order to keep the integrity of the research and focus on the main
aim of the study, the coding of the answers are changed considering all the answers both for
drivers and barriers. For example, if a driver or barrier could not be identified by the Al tool in
any of the questions, a ‘Not Available’ answer or shortly ‘N/A’ across a gap in the original table
is not regarded as an ‘Exact answer’(green) but considered as ‘Not exactly but has in
common’(yellow). Similarly, if an answer fills in a gap across the original table after
conforming the original research’s findings in any of the cells, that particular cell is awarded
with color blue, which corresponds to ‘Exact result with additional components’. When the
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numerical values designated to this answer scheme are considered, the coverage ratios of
ChatGPT and Gemini are calculated as 81,25% and 83,75% respectively.

Based on our findings, the Al tools' performance in analyzing articles and extracting factors
concerning author information, content, and research style yielded a relatively low average
accuracy of 57%. Conversely, their proficiency in identifying factors associated with the drivers
and barriers of innovation achieved a notably higher average accuracy of 82.5%. On the low
side the Al tools could not detect some information easily noticeable for human eye. Some of
the examples for such obvious information where the Al tools made frequent mistakes included
number of authors, author background information and the keywords of the articles. In the
initial ten articles, the researchers revised the questions in discussion with the Generative Al
tools trying to create more clear queries, or add directive information about the format and
position of the sought-after data. Despite multiple revisions to the questions, there was minimal
impact on the accuracy of their responses. Throughout this process, potential factors
contributing to discrepancies were identified, including conflicts arising from proper nouns and
author name abbreviations, as well as challenges in detecting institutional information from
article cover pages where many other additional data were present. The plain text format, that
the pdf formatted articles are converted into are also considered liable from these mistakes. On
the other hand, Al tools failure to detect the already listed keywords under the abstracts lied in
their design. Despite efforts to refine the questioning by specifying the position of these terms,
such as indicating that they commence with ‘Keywords:” or ‘"CE Database subject headings:"
as they are defined in ASCE articles, did not changed much about the results, Al tools showed
a tendency to extract their own set of keywords from the entire article. Although this inclination
towards comprehensive text processing initially contributed to their lower performance in the
first set of questions, the same feature emerged as the primary factor behind their success rate
in the analysis of drivers and barriers.

As the results indicate, generative Al demonstrates a notable capability to discern the context
of articles, enabling it to effectively evaluate the discussions presented within and extract
pertinent therein. One particularly impressive aspect is their capacity to analyze the cause-and-
effect relationships embedded within these discussions. By identifying causal links and
understanding the ramifications of various factors discussed, generative Al tools can provide
valuable insights into the dynamics shaping the subject matter. This skill is invaluable in fields
where understanding the underlying drivers and barriers is crucial for decision-making and
strategy development. This proficiency underscores the potential of generative Al to not only
comprehend the content of scholarly discourse but also to discern the underlying patterns and
connections within the discussions. By delving into the nuanced interplay of ideas and
arguments, generative Al holds promise for facilitating deeper insights into complex topics,
thereby augmenting the efficiency and depth of scholarly research processes

Limitations of this research should be mentioned to conclude the results and discussion. First
of all, there are increasing number of Al tools that are committed to analyze textual data.
Generative Al tools selected for this research, ChatGPT and Gemini are leading examples from
OpenAl and Google respectively, and many other Al tools in this track rely on them in the
background such as ChatPDF. However, the algorithms behind different tools can make
significant changes and Al tools which do not provide free plans currently can be prone to more
deeper, accurate analysis, that may perform better and overcome the technical challenges faced
extracting some of the meta-classification framework factors. Another research limitation
appeared from to the article transformation process while converting pdf formatted documents
to plain text. Depending on their journal’s format, articles had additional cover pages with
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Table 4. Results for innovation driver and barriers (first page only due to space constraints).
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journal information, or information on each page such as topics of the article, topic of the
journal, authors etc. which were also converted with the article’s text body, that may have
caused some challenges while extracting relevant information. Al tools have limitations about
the length of text that can be uploaded, which is encompassed by uploading articles in sections.
Last but not least, it is widely debated that the format of the questions posed to the Al tools
have a higher impact on the answer received. Although the questions are revised many times
according to the reviewed literature, constructive directives of specialists interviewed, and
feedback from the Al tools themselves, prompting stands for being an upcoming profession in
the near future and state of art prompts can easily change the performance of such analysis.
Finally, the article that is taken as the reference matter of this research has limitations itself that
should also be taken into consideration while assessing the performance measures.

Conclusion

In conclusion, this study evaluated the performance of generative Al tools, namely ChatGPT
and Gemini, in analyzing articles and extracting factors related to author information, content,
research style, and the drivers and barriers of innovation. While the Al tools demonstrated a
relatively low average accuracy of 57% in analyzing these factors, their proficiency improved
significantly when identifying factors associated with innovation drivers and barriers, achieving
an average accuracy of 82.5%. However, limitations were observed, particularly in detecting
certain information readily noticeable to the human eye, such as the number of authors, author
background information, and article keywords. Despite efforts to refine the guestioning and
specify the position of terms, the Al tools tended to extract their own set of keywords from the
entire article.

Notably, generative Al tools showcased a remarkable capability to discern the context of
articles, evaluate discussions, and identify cause-and-effect relationships within the text. This
proficiency holds promise for facilitating deeper insights into complex topics and augmenting
the efficiency and depth of scholarly research processes.

However, it's important to acknowledge several limitations in our study. The algorithms behind
different Al tools may vary significantly, potentially impacting their performance. Additionally,
challenges were encountered during the article transformation process from PDF to plain text,
and limitations exist regarding the length of text that can be uploaded to Al tools. Furthermore,
the format of questions posed to Al tools may influence the accuracy of their responses. Finally,
it's essential to consider the limitations of the reference article used in our research.

Looking ahead, future research should address these limitations and explore the potential of
generative Al tools further. By refining methodologies, addressing technical challenges, and
leveraging advancements in Al technology, we can enhance the accuracy and reliability of Al-
driven analyses in scholarly research.
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Abstract

The concept of digital twin (DT) has been attracting interest as a holistic information
technology to address certain problems encountered mainly by manufacturing industries.
Digital twins are virtual/digitalized replicas of physical processes, products or systems, created
for simulating, foreseeing and optimizing their performance. In this respect, their potential
extends to the construction industry, which has long been suffering digitalization problems
related to the acceptance of new technologies. Understanding potential barriers to the
acceptance and adoption of digital twins in construction is crucial, and these factors should be
analyzed carefully to mitigate these challenges. This study aims to present a literature review
on digital twin acceptance and adoption in the construction industry. After a comprehensive
search, a limited number of relevant studies could be found, and it is proposed that insights
from acceptance and adoption research on building information modelling (BIM), a technology
similar in nature to digital twins, can help propose a novel digital twin acceptance model for
the construction industry. A systematic literature review yielded candidate models which are
mostly based on the technology acceptance model (TAM), and a roadmap for devising a digital
twin acceptance model is presented by making use of these models.

Keywords: building information modelling, construction industry, digital twins, literature
review, technology acceptance model, technology adoption.

Introduction

The ever-growing building and infrastructure needs of societies necessitate undertaking
construction projects on larger scales for construction companies and contractors. Given the
unique nature of each individual construction project, which involves large numbers of
interacting tasks, the complexity increases progressively. Increased complexity in large-scale
construction projects, therefore, brings about significant challenges in terms of time, budget
and quality constraints, and the construction industry has been perpetually striving to propose
solutions to these challenges. The construction industry still has a huge potential to be tapped
into in terms of streamlining the tasks involved for increasing time and cost efficiency, and new
technologies and methodologies are continuously explored to this end.

As the concept of data-driven analytics and transforming data via concepts such as Internet of
Things (1oT) and big data into action is becoming more prominent in the construction industry,
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considerable effort is being poured into better utilization of these tools and methods at disposal
(Ammar et al., 2022). In addition, artificial intelligence (Al) along with machine learning and
deep learning provides opportunities for more sophisticated uses of collected or available data
to introduce better accuracy and decision-making into construction practices. All these
developments are being harnessed in many industries, including the construction industry,
albeit to a limited extent. Long-lasting digitalization problems, such as outdated systems and
technology integration, lack of technology standardization, resistance to adopt new
technologies, and skills gap, hinder the acceptance and adoption of new information
technologies in the industry. Therefore, it is imperative in this era of rapid technological
developments, some of which are outlined here, that the means for the construction industry to
capitalize on these developments be explored, and the concept of digital twin has emerged as a
robust solution candidate to do so in order to address certain fundamental challenges
experienced in the construction industry.

Fundamentally, a digital twin is a simulation-based concept acting as a virtual digital replica or
copy of a physical product or process, which is used for planning, simulating, foreseeing and
optimizing performance (Opoku et al., 2021). Digital twins accomplish these tasks through the
collection of real-time data, which allows predictive maintenance and brings about informed
decision-making (Khajavi et al., 2019). Digital twins leverage a wide variety of technological
developments and methods, such as Internet of Things (10T), data analytics, cloud computing,
Al, machine learning and many more (Sacks et al., 2020). In essence, digital twins serve as a
vital link between the physical and digital universes to offer many industries new ways to
manage and optimize their processes and products.

Digital twins may open new pathways in the construction industry by integrating its brand-new
methods and tools with the existing ones, thus overcoming the inherent problems in current
practices. Building Information Modelling (BIM) implementations, for one, can be integrated
with digital twins along with lean thinking and Al to achieve efficient construction management
practices, and this would be possible thanks to the significant level of similarity between BIM
models and digital twins. Capabilities of BIM models can be expanded by real-time data and
predictive analyses provided by creating corresponding digital twins (Khajavi et al., 2019). It
is also possible with digital twins to optimize workflows in construction projects to reduce
waste and energy consumption, and enhance resource utilization (Pan & Zhang, 2021), with the
robust methods of digital twins for collecting and using comprehensive and accurate real-time
data. Data-related capabilities of digital twins can also provide improvements for informed
decision-making at all stages of construction projects (Boje et al., 2020).

Despite their promise to improve construction practices, digital twins have not reached the state
of widespread use within the construction industry. Among the key challenges resulting in a
delayed adoption of digital twins, resistance to adopt digital twins in the construction industry
as a novel information technology comes first (Opoku et al., 2021; Agarwal et al., 2016;
Levidkangas et al., 2017). Therefore, the acceptance and adoption of digital twins as a novel
information technology (IS) in the industry should be studied in depth to identify potential
barriers and to analyze them in detail for devising mitigation methodologies.

Information technology usage is, in a sense, a demonstration of the acceptance of the technology
by its potential users and proves to be a basis for research towards examining the determinants
of IT acceptance and usage. With this principle in mind, many models and approaches have
been developed. As a prominent example of such efforts, technology acceptance model (TAM)
was introduced by Davis (1989) to adapt the theory of reasoned action (TRA) by Ajzen (1980)
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and the theory of planned behavior (TPB) by Ajzen (1985) to model user acceptance of
information systems. TAM is aimed at providing a theoretically justified explanation of the
determinants of information technology acceptance, which can also account for user behavior
for different end-user technologies among diverse user populations. TAM assumes that the
behavioral intention of a user is determined by a performance expectancy construct known as
perceived usefulness, which is defined as the extent to which an individual believes that using
the technology will enhance their job performance, and by an effort expectancy construct
known as perceived ease of use, which is defined as the extent to which an individual believes
that using the technology will be easy. Successive technology acceptance models in the
literature, such as the Unified Theory of Acceptance and Use of Technology (UTAUT) by
Venkatesh et al. (2003), strived to augment their predecessors by adding constructs to their
models pertaining to social influences, facilitating conditions, attitude toward using technology,
self-efficacy, anxiety, and behavioral intention to use. In addition, communication theories such
as innovation diffusion theory (IDT) by Rogers (1995) are also considered within the context
of information technology acceptance research in order to devise information technology
acceptance models and methods. Most of these methods and models are utilized by collecting
data from potential users via surveys with concise scale items constructed to have a
correspondence to the aforementioned constructs. IT acceptance models have been used for the
acceptance of many technologies that are currently in use in a wide variety of industries, and,
in a similar vein, research efforts in this field can be utilized for the construction industry.

This study aims to systematically review the academic literature on the acceptance and adoption
of digital twin technology within the context of information technology acceptance models and
propose contributions to fill the gap. This way, it is intended to guide both researchers and
practitioners in the construction industry to explore more efficient methodologies to introduce
digital twins into their research and implementations in their organizations.

Methodology and Findings

This study adopts the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses”
(PRISMA) guidelines to review the literature, in order to ensure accuracy, reliability and clarity
in the reporting process (Moher et al., 2009). In the identification phase of the literature review
for digital twin adoption and acceptance, the literature search was conducted on Scopus and
Web of Science (WoS) databases using the following terms:

The searches on both databases covered only journal articles, conference papers, and reviews
written in English, which are related to the construction industry. While selecting the keywords
for the field of technology acceptance and adoption, the IS acceptance theories or models that
are more common in the literature, namely technology acceptance model (TAM), diffusion of
information theory (DOI) or information diffusion theory (IDT), theory of planned behaviour
(TPB), theory of reasoned action (TRA), task-technology fit model (TTF) and the unified theory
of acceptance and use of technology (UTAUT), are sought (Taherdoost, 2018). After the
identification phase, the results collected from both searches are combined and duplicates are
removed in the screening phase. Then, the texts in which DT is not the main topic or in which
DT adoption or acceptance is not discussed are excluded. In the eligibility phase, 36 papers
were selected to be included in this study. However, only two out of 36 papers were found to
be discussing DT adoption and acceptance within the scope of IS acceptance theories, marking
the scarcity of studies to this end (see Figure 1).
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Table 1. Structure of the query string used in Scopus for DT-related papers.

Descriptions and Fields | Operators and Keywords Used

Search elements TITLE-ABS-KEY
Digital Twin ("digital twin" OR "digital twins")
Operator AND

("construction” OR "building” OR "built environment” OR
"AEC" OR "AECO" OR "AECOFM" OR "asset management"
OR "facility management” OR "operation and maintenance" OR
"management” OR "construction management")

Operator AND

("acceptance” OR "adoption™ OR "technology acceptance™ OR
"TAM" OR “diffusion of innovation theory” OR “DOI” OR
Technology Acceptance | “innovation diffusion theory” OR “IDT” or “task-technology
and Adoption fit” OR “TTF” OR "theory of planned behavior" OR "TPB" OR
"theory of reasoned action” OR "TRA" OR “UTAUT” OR
"unified theory of acceptance and use of technology™)

Construction Industry

Out of these two papers, the work by Wong et al. (2022) proposes a conceptualization of the
Task-Technology Fit (TTF) acceptance model, which is intended for determining the
relationship between the task characteristics in building maintenance tasks and technology
characteristics to increase performance and achieve the utilization of digital twins. The selected
task characteristics, namely correctiveness, preventiveness, predictiveness, and
prescriptiveness, are matched with digital twin characteristics, namely real-time data and
monitoring, overall anomaly detection, augmented reality to show failures, prediction of state
of asset and costs, and simulation of scenarios, to evaluate the fit of the digital twin technology
with the maintenance task under scrutiny. To this end, a TTF Evaluation Template and a TTF-
Performance Impact Matrix are created to observe these relationships. The resulting model,
then, could be utilized to determine the suitability of digital twin technology for completing
building maintenance tasks.

Table 2. Structure of the query string used in Web of Science for DT-related papers.

Descriptions and Fields | Operators and Keywords Used

Search elements TI (title) OR AB (abstract) OR AK (author keywords)
Digital Twin ("digital twin" OR "digital twins")
Operator AND

("construction” OR "building” OR "built environment” OR
"AEC" OR "AECO" OR "AECOFM" OR "asset management"
OR "facility management” OR "operation and maintenance™ OR
"management” OR "construction management')

Operator AND

("acceptance” OR "adoption” OR "technology acceptance™ OR
"TAM" OR “diffusion of innovation theory” OR “DOI” OR
Technology Acceptance | “innovation diffusion theory” OR “IDT” or “task-technology
and Adoption fit” OR “TTF” OR "theory of planned behavior” OR "TPB" OR
"theory of reasoned action” OR "TRA" OR “UTAUT” OR
"unified theory of acceptance and use of technology™)

Construction Industry
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Figure 1: The PRISMA flow diagram for DT adoption and acceptance literature review
(adapted from [Moher et al., 2009]).

The other study by Sepasgozar et al. (2021) conducts a literature review on the current
technology acceptance model (TAM) in the field of mixed reality and digital twin (MRDT) to
devise an extended TAM model for MRDT adoption. The collected data from the literature
review are then used as input in statistical analyses (Cronbach «) to test the average reliability
of the hypothetical relationships between different TAM factors, such as perceived ease of use,
perceived usefulness, behavioural intention, and attitude. The study concluded that subjective
norm, social influence, perceived ease of use, perceived security, perceived enjoyment,
satisfaction, perceived usefulness, attitude, and behavioural intention are the constructs of the
extended TAM for predicting MRDT adoption in the AECO industry, marking the factors to be
considered in the construction of similar technology acceptance models.

Although these two studies provide insight into prospective digital twin models which could be
utilized for broader implementation of digital twins in the construction industry, the research
efforts towards this purpose can benefit from a more diverse and populous selection of
implementation examples. This way, acceptance models which are more applicable or
representative can be determined. These results were not unexpected, given that digital twin
implementations are currently recording a slow progress in the construction industry, and there
is no general inclination in the industry towards digital twin acceptance at an organizational
level, which would necessitate the creation of a technology acceptance model. Upon careful
examination of the results of the literature review efforts outlined here, it was observed that
digital twins are increasingly considered to be the natural successor of building information
modelling (BIM), which is another information technology extensively used in the construction
industry for end-to-end project management (Honghong et al., 2023; Deng et al., 2021). The
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similarities in their capabilities, the challenges they strive to address and suffer in their
organization-wide implementations are extensive, and there exists several acceptance and
adoption studies related to BIM within the context of IT acceptance. It is suggested, therefore,
that searching the literature for technology acceptance models intended for BIM may prove
beneficial for devising a similar model for digital twins.

In a second literature search for finding texts to serve this purpose, Scopus and Web of Science
(WoS) databases are used with the same search terms as the ones used for the previous cycle of
literature search, after changing the keywords related to digital twins with those related to BIM,
and by removing the separate keywords of “acceptance” and “adoption”, since these terms
resulted in query returns not related to information technology acceptance models. At the end
of the screening and eligibility processes (see Figure 2), 78 papers related to BIM adoption and
acceptance within the scope of IT acceptance theories were found. Upon the examination of the
78 papers received at the end of the PRISMA flow, it was observed that studies employing
TAM and DOI make up the majority of these papers, but other models and methods such as
TTF and UTAUT, in addition to hybrid models, also have been utilized by researchers to
investigate BIM adoption and acceptance. Given the variety and the abundance of studies on
this topic, it is possible to create a roadmap to devise an IT acceptance model for digital twins
in the construction industry.

~
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Figure 2: The PRISMA flow diagram for BIM adoption and acceptance literature review
(adapted from [Moher et al., 2009]).

Proposed Roadmap and Conclusion

This study presents a systematic literature review on the acceptance and adoption of digital
twins and BIM in the construction industry, with the purpose of proposing a roadmap to devise
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an IT acceptance model for digital twins. Since IT acceptance studies on digital twins were
found to be scarce, studies on the acceptance of BIM as another similar information technology
may prove to be a reliable knowledge base for proposing a roadmap. The first step of the
roadmap is to classify the studies identified after a systematic review of the relevant literature
according to the IT acceptance theories or models upon which their models are constructed.
Then, the constructs used for categorizing the scales to collect user responses can be grouped
according to the frequency of their use, followed by the identification of the most preferred
scale items. These selections can be guided by examining the statistical analyses conducted for
unfolding the interactions among these constructs and scales to further strengthen the soundness
of the selection process. Finally, the models can be formed by combining these selections and
then calibrated so that they follow the principles of the models and methods they are based on,
and the implementation specifications can be determined. The outlined roadmap flow can be
depicted as shown in Figure 5. Future studies may include the detailed breakdown of the
proposed roadmap steps to enhance the correspondence of the devised models to IT acceptance
literature, and the customization of the overall roadmap for implementation with different IT
acceptance models and methods.

Classification of the BIM Categorization of
acceptance and adoption ategorization o Identification of the most
R constructs according to R
research identified by preferred scale items

systematic literature review the frequency of use

Model calibration and Examination of statistical Combination of constructs
implementation according to <:: analyses demonstrating the <:":I and scales according to IT
IT acceptance model and interaction among constructs acceptance model

method principles and scales for verification framework

Figure 1: Proposed roadmap for devising an IT acceptance model for digital twins.
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Abstract

The chaotic emergency environment can create obstacles that may complicate prompt and
effective responses for a resilient emergency management. The provision of vital information
related to health services, shelter, nutrition, and availability of infrastructure is of utmost
importance. In the context of earthquake emergency, Knowledge Management (KM)
encompasses various techniques and approaches for acquiring, storing, generating, assessing,
and sharing knowledge for efficient and effective mobility of people, goods, and services.
Digital Twins (DT) can serve as a platform for KM, addressing challenges in earthquake
emergency action plans and facilitating information sharing during critical hours and in the
aftermath of disasters, ensuring timely and informed decisions for the survival of victims. This
paper presents an Earthquake Emergency Knowledge Management framework through DT,
based on expert judgment, and the scientometric analysis and mapping to identify gaps in
existing KM methods. The proposed conceptual framework aims to improve response time and
facilitate KM during an earthquake emergency to meet the primary needs of victims for
survival. However, it's important to recognize potential limitations, such as challenges in
resource-constrained settings or areas lacking digital infrastructure. Future studies may
further focus on the secondary emergency requirements for the days following the earthquake,
addressing not only survival but also recovery needs.

Keywords: digital twins, earthquake, emergency, knowledge management
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Introduction

Each year, disasters impact people in all over the world, with earthquakes ranking among the
most destructive in terms of human recovery (Jha et al., 2021). The absence of effective post-
earthquake Emergency Management (EM) plans or the sharing of knowledge regarding the
needs of victims with relevant teams/authorities highlights the importance of Knowledge
Management (KM) during emergencies. EM involves a systematic approach that encompasses
a variety of activities such as risk assessment, planning, resource allocation, communication
and coordination of response efforts and stakeholders from a variety of sectors, including
government agencies, non-governmental organizations, healthcare providers, law enforcement,
and the private sector to reduce the impact of adverse events on individuals, communities and
infrastructure. (Goode et al., 2016). Rapid and reliable KM in EM positively influences
emergency response efforts (Dorasamy et al., 2013) and aids in supporting public health during
humanitarian crises (Boshara et al., 2020). KM is a multifaceted concept that encompasses the
processes and practices to create, capture, evaluate, store, and disseminate knowledge (Gao &
Bernard, 2017).

Actors such as humanitarian aid organizations are the key enablers for delivery of victims’
needs and logistics to the affected fields. However, they usually take necessary action without
having a reliable information in their hands (Pedraza-Martinez et al., 2013). Decision-making
poses a challenge due to the dynamic nature of the situation and the limited availability of
information. In the era of digitalization, the abundance of accessible data continues to grow
exponentially, presenting challenges in data management.

Digital Twins (DT), a concept initially defined by Michael Grieves in 2002, represent virtual
information constructs that comprehensively describe physical products (Grieves, M., &
Vickers, J., 2016). DT may play crucial role to enable more data-centric and effective
management of the knowledge related to needs of victims. Development of KM applications
and systems is important for creating efficient information sharing systems among stakeholders
for response and recovery efforts in EM (Othman and Beydoun, 2016). Digital Twins (DT),
which allow organizations to monitor, analyze and simulate the performance of physical assets
or systems in real time, hold potential for Knowledge Management (KM) in EM by enabling
better decision-making and predictive operations (Wang, 2021; Cooper et al., 2022).

The conceptual framework that is proposed in this paper is designed to address post-earthquake
KM through DT, specifically targeting the immediate needs of victims within the first three
days following an earthquake. In the following sections firstly the research background is
outlined and then the presentation of the conceptual framework for KM in Emergency
Earthquake Management (EEM) using DT is proposed. The paper concludes by examining both
the limitations and potentials of the proposed framework.

Research Background

DT, which allow organizations to monitor, analyze and simulate the performance of physical
assets or systems in real time, hold potential for KM in EM by enabling better decision-making
and predictive operations (Wang, 2021; Cooper et al., 2022). DT improve situation assessment,
coordination, and resource allocation in emergency scenarios by integrating various data
sources and leveraging technologies such as Artificial Intelligence (Al) and big data analytics.
DT is effective in improving operational processes, reducing downtime, and increasing overall
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efficiency (Zidek et al., 2020; Egorov et al., 2021). In an emergency scenario, through DT,
response plans can be optimized, modeling such as lists of needs and evacuation scenarios can
be made from people who are victims of an emergency or disaster (Shaharuddin et al., 2022;
Ahn & Kim, 2023).

The Conceptual Framework for KM through DT in emergencies refers to the application of DT
technology in managing information in emergencies. As per the proposed framework,
addressing challenges in post-earthquake action plans and ensuring efficient information
sharing can be achieved through the full integration of DT, KM, and Emergency Management
(EM). This integration can enhance collaboration and communication among various
stakeholders involved in emergency response, including suppliers, manufacturers, logistics
providers, and government agencies. By leveraging this integration, stakeholders can
effectively meet the needs of victims in terms of health, water, shelter, food, and infrastructure
following an emergency or disaster.

This paper aims to answer a fundamental question and related issues as listed below:
RQ. How can DT contribute to KM during earthquake emergency?

SRQ1. What are the challenges and potentials of DT in post-Earthquake Emergency
Management (EEM)?

SRQ2. How can KM be implemented in responding the primary needs via DT after
earthquake?

SRQ3. What are the limitations of the proposed conceptual framework?

SRQ4. What potential contributions does the proposed conceptual framework offer
to future DT research?

Ensuring data quality, reliability, security and management can be a significant challenge,
especially in a disaster scenario involving multiple stakeholders and data sources. The main
aim of this paper is to propose a conceptual framework for KM via DT to be used during
earthquake emergency times. The proposed framework suggests DT as a platform to acquire,
process and share the information/knowledge with the responders effectively during earthquake
emergency. The system will continuously be updated with the real-time data feed for improving
resilience through EM.

Proposed Conceptual Framework

DT can serve as a platform (PaaS) to collect information about vital needs of victims
(healthcare, nutrition, shelter, infrastructure) from several sources such as humanitarian aid
organizations and public. Collected information can be shared with governmental organizations
other suppliers via DT either. Within the framework of KM, DT can perform tasks such as data
collection, data engineering, data storage, and data sharing. In this context, DT technology
enables collaboration, data analysis, and decision-making during an emergency. In the proposed
conceptual framework shown in Figure 1, the RAA model approach which highlights the
Resources, Actors, and Activities in earthquake emergency. According to RAA Model, requests
for main needs such as health, shelter, infrastructure, water, and food constitutes "Resources".
Resources are received from those in need through sensors, Internet of Things (1oT) devices,
and social media in EM in the real world. Resources are determined according to interviews
with experts from industry. Relevant governmental organizations have identified the immediate
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needs of earthquake victims in the three days following the disaster. The collected data is
transformed into information/knowledge through data engineering and data analytics in the
Digital World which is named "Activities" in the RAA Model. Transformed
information/knowledge transmitted to EM stakeholders such as Suppliers, Logical Firms,
Public, Governmental Organizations, Local Authorities in the real world. Figure 1 illustrates
the RAA model approach which highlights the Actors, Resources, and Activities in earthquake
emergency.
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Figure 1: RAA model approach for the digital twins application in earthquake emergency
management.

Discussion

The proposed framework offers a viable solution for addressing the challenges faced by
individuals stranded during emergencies by providing fast and reliable methods of information
acquisition. Using DT, it enables the rapid distribution of knowledge, enhancing situational
awareness and facilitating efficient decision-making processes. The integration of KM
capabilities with DT allows for real-time transparency and comprehensive monitoring of events
during emergencies, empowering stakeholders to access valuable information for future
instances. This fosters continuous improvement and increased resilience, while also enabling
quick decision support and scenario analysis. By streamlining KM, emergency responders can
collaborate effectively, reducing response time and mitigating negative consequences.
Additionally, the framework enhances risk mitigation and sustainability efforts, enabling swift
intervention in emergency situations like earthquakes.

Challenges, Opportunities, and Future Prospects

DT enables real-time monitoring and analysis of emergencies, enabling rapid decision-making
and generating meaningful insights. Thus, appropriate intervention strategies can be determined
quickly. Additionally, DT facilitates risk analysis by simulating emergency scenarios. Ensuring
the integration of data from various sources triggers a more comprehensive emergency KM.
Analyzing resources within the scope of the proposed DT framework can enable effective and
efficient KM. However, for DT to create meaningful insight and make decisions, it must be fed
with accurate and reliable data. Ensuring data security and privacy can be a challenge. In
addition, big data are transferred to DT from different sources in emergency situations.
Collecting, storing, processing, and analyzing data is another challenging task. It is important
to harmonize big data from different sources and interpret it correctly. Despite all the
challenges, the establishment of the proposed conceptual DT framework in light of the possible
benefits can provide further analysis and prediction for emergencies. In the future, the
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predictive capabilities of DT may be improved by using more complex data analytics
techniques and Al algorithms. By integrating loT technologies into the system, real-time
monitoring and intervention of emergencies can become more effective. In emergency
situations, the selection of a distributed computing system for data management and processing
becomes crucial. Given the need for swift action and rapid data transfer, leveraging fog or edge
computing can serve as a viable solution for data storage. The proposed conceptual framework
can create acommon platform that can provide greater integration between different disciplines.
For example, by combining and analyzing data from different fields such as meteorology,
geology, sociology, and engineering, it may be possible to manage emergencies more
comprehensively. Integration of immersive technologies can be a powerful tool for training
emergency managers and responders. Furthermore, Smart City integration of proposed
framework can indeed be a core solution to better prepare for and respond to earthquakes.
Digital technologies and data-driven approaches can significantly enhance the resilience and
safety of cities in earthquake-prone areas.

Conclusion

The proposed framework is operational and provides solutions for KM via DT for post-
earthquake emergency. DT enables real-time monitoring, assisting stakeholders such as
governmental organizations in gathering valuable knowledge for future emergencies, thus
promoting continuous improvement and resilience. Transparent KM enhances coordination
among emergency responders, leading to efficient actions. Furthermore, the framework
contributes to risk mitigation and intervention speed in emergencies such as earthquakes. Future
research could focus on integrating Al algorithms and data analytics techniques to address these
limitations and enhance the proposed system. While the current focus of the proposed system
is on addressing the needs of victims within the first three days following an earthquake, future
research could explore additional needs of victims, such as hygiene or psychological support.
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Abstract

Cultural Heritage (CH) refers to a vast collection of data from various professions, which is
constantly updated and processed on separate platforms by experts in different fields. This
complexity results in intricate knowledge structures. Achieving a universally understandable
representation of CH knowledge requires the collaboration of an interdisciplinary team and
the management of interoperable complex knowledge. Development of a CH ontology provides
a foundation for robust Knowledge Management (KM), facilitating an interoperable platform
for sustainable knowledge transfer. This study aims to identify the main research clusters of
ontology research within CH literature. Scientometric analysis of bibliometric data, visualized
through mapping, reveals a recent emphasis on the interoperability of ontology studies in CH
and Semantic Web technologies integration. The limitations of the research are that the
bibliometric search consists only of journal articles and only in English. Future research is
expected to focus on the seamless integration of CH domain ontologies, Semantic Web, and
Artificial Intelligence (Al) technologies to provide a comprehensive Semantic KM.

Keywords: cultural heritage (CH), ontology, knowledge management (KM), semantic web,
artificial intelligence (Al)

Introduction
Cultural Heritage (CH) refers to the tangible and intangible cultural elements of national
identity that reflect past social and cultural human activities. It encompasses a wide range of

human activities including eating, dressing, celebrating, and belief systems within civilizations
(Kalita & Deka, 2020). Due to the interdisciplinary nature and historical significance, CH is a
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knowledge-based discipline, which requires a multidisciplinary approach. Predictions,
interpretations and conclusions regarding CH can be made by comparing available data with
existing information. Collaboration between researchers from different fields, using their own
methods, computational models, or vocabularies, can lead to a diverse flow of knowledge
(Hellmund et al., 2018). Ontologies enable information to be organized and reused. In the
context of the semantic web, ontologies enable machines to understand information and query
data efficiently (Doerr, 2009). Designing an ontological model in the context of CH triggers an
interdisciplinary observation and semantic representation of CH elements (Messaoudi et al.,
2018).

Ontology provides a shared Knowledge Management (KM) platform for researchers who need
to exchange knowledge in a specific field of expertise. It comprises machine-interpretable
definitions of domain-related concepts and their interrelationships (Noy and McGuinness
2001). Ontology creates a semantic network of linked information. The purpose of ontology
development is to establish a common semantic information platform for both humans and
machines (Cursi et al. 2022). Ontology can preserve the relationships and meanings between
data. An ontology developed for any field can be used multiple times because it covers the
content and mechanism of the related field. Possible shortcomings can be resolved by extending
the domain ontology, reducing reimplementation costs in a KM system. When domain
knowledge is represented through a common and shared language, it becomes understandable
to humans, automated computer systems, and web agents. Web services and search engines use
semantically enriched information to provide intelligent and context-aware applications,
resulting in improved performance in terms of fast and accurate information retrieval (Ranjgar
et al. 2022).

This study aims to answer a key question:
RQ1. How can Ontology enhance Knowledge Management in CH?

To answer this question, below-listed sub-questions are responded in this study.
SRQ1. What are the challenges and tendencies in ontology research in the CH domain?
SRQ2. What are the research areas related to ontology research in the CH domain?
SRQ3. What are the gaps in ontology research in the CH domain?
SRQ4. What are the trends in ontology research in the CH domain?
SRQ5. What are the future prospects for ontology research in the CH domain?

The main purpose of this article is to classify the mainstream research areas of Ontology
research in the CH domain. The aim is to capture gaps and current research trends and make
predictions for future research areas in this field.

The following section provides research methodology for the paper, scientometric analysis
results, by discussing all the challenges, gaps and trends of Ontology research in CH domain.
Finally, the conclusion synthesizes the principal findings derived from the investigation of
ontology research within the CH domain, along with the emerging trends identified in the
scholarly literature.

Methodology

A three-stage workflow was adopted to examine the status of Ontology research in the CH
domain. Bibliometric search, scientometric mapping, and scientometric analysis constitute
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these three stages. The literature review for the use of Ontology research in the CH domain
covers articles published from 2002 to June 2023. Collecting data from various databases can
provide more comprehensive results than taking a single piece of data. However, including the
same articles in databases causes crowding. Data analysis tools for scientometric analysis have
shortcomings in combining data. This limitation prevents merging data from various databases.
Therefore, a single database was used for data collection. Bibliometric search was performed
on Scopus database because of wider coverage than other databases in the first stage of
workflow (Aghaei Chadegani et al., 2013). Data collected through bibliometric search creates
a snapshot of the literature. Their research for that period alone results in examining gaps and
trends. Providing a dynamic knowledge graph can reflect research more efficiently. However
this is a limitation for the research. Scopus employs Boolean syntax and an API search system
to refine the search. Language limitation and filtering only journal articles are other limitations
of the research. The second stage, Scientometric mapping, analyzes bibliometric data and
reveals the relationships between disciplines, fields, and articles (Cobo et al., 2011).
VOSviewer application was used to map and analyze bibliometric data collected from the
Scopus database. VOSviewer can visualize large networks with using natural language
processing and text-mining techniques (van Eck & Waltman, 2014). In this article, keyword
combinations were clustered and sorted to examine Ontology research in the CH domain.

Scientometric Analysis and Results
Bibliometric Search:

Booelean search was used to sift through the results and find articles that were highly linked to
the combined research keywords. Limitations were applied to the bibliometric search to achieve
clearer results. The bibliometric search entry is shown in Figure 1 with the applied limitations.
This research yielded 698 articles. By applying restrictions such as language, document type,
document source, subject area, and keywords, 177 articles that were highly related to the
research topic were obtained.
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Figure 1: Summary of bibliometric search input.
Scientometric Analysis and Mapping:

Keywords identifies important points in research (Su & Lee, 2010; He et al., 2017). The
research utilised VVosviewer to apply natural language processing and text mining methods,
creating a network visualisation map to display the relationship between keywords and cluster
main research areas (Eck & Waltman, 2014). The use of index keywords, rather than solely
relying on the authors' chosen keywords, prevented any overlooked keywords. Figure 2 displays
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the network visualization map of the keywords co-occurrence analysis results. A summary of
the keyword list is provided in Table 1.

The linked keywords were clustered using VOSviewer, allowing for the interpretation of main
clusters in Ontology research in the CH domain. In the keyword network shown in Figure 2,
each color represents a separate subdomain. The clusters are named as Ontology Lifecycle (red
coded), Semantic Knowledge Management (green coded), Al-based Knowledge Generation
(blue coded), Semantic Search (yellow coded), Semantic Web Technologies for the 10T (purple
coded), and Semantic Interoperable Information Management (turquoise coded).
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Figure 2: Map of keyword co-occurrence analysis of Ontology research in the CH domain
(from 2002 to June 2023).

Table 1. Results of keyword co-occurrence analysis for Ontology research in the CH domain
from 2002 to June 2023.

Link Total Occurrence | Average Average Average
Link Frequency | Citation Normalized Publication
Strength Citation Year

Cluster 1: Ontology Lifecycle (red-coded)
Cultural heritage 40 183 73 11,81 0,90 201777
Domain specific ontologies 9 13 3 12,33 0,43 2016,67
Knowledge representation 15 36 9 8,56 0,79 2017,44
Ontological analysis 6 10 3 8,33 2,60 2019,67
Ontology 42 279 116 13,97 0,97 2017,46
Ontology design pattern 7 8 3 12,00 1,99 2018,00
Ontology development 13 18 4 9,00 0,37 2012,00
Ontology evaluation 10 14 6 4,50 1,33 2021,33
Cluster 2: Semantic Knowledge Management (green-coded)
Built heritage 8 13 3 30,67 2,95 2020,00
Data structures 12 15 4 123,25 1,46 2015,25
Knowledge based systems 22 52 13 16,00 1,37 2016,77
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Knowledge graph 5 6 3 21,33 1,62 2020,00
Knowledge management 15 30 11 14,00 1,29 2015,09
Natural language processing 14 17 4 23,50 1,38 2016,00
Semantic interoperability 11 14 3 16,67 0,85 2015,00
Cluster 3:  Al-Based Knowledge Generation (blue-coded)

Artificial intelligence 9 9 4 3,75 0,62 2014,25
HBIM 3 5 4 5,00 1,20 2021,50
Information systems 4 5 3 4,33 0,39 2017,33
Learning systems 5 7 3 12,33 0,91 2014,00
Semantic enrichment 18 26 5 18,80 1,83 2015,40
User experience 12 20 5 29,20 1,60 2018,80
Cluster 4: Semantic Search (yellow-coded)

Linked data 23 65 15 6,07 0,66 2018,67
Linked open data 18 36 7 14,86 1,42 2018,14
Open data 16 34 7 9,43 0,83 2019,86
Search engines 16 39 9 19,78 1,04 2013,22
Semantic web 26 104 38 16,79 1,25 2018,45
Cluster 5: Semantic Web Technologies for the 10T (purple-coded)

Digital libraries 17 42 13 9,38 0,94 2015,46
Internet of things 8 10 3 7,67 1,02 2019,00
Semantic integration 4 7 3 3,33 0,23 2020,00
Semantic network 5 6 3 9,33 0,68 2017,33
Semantics 37 144 46 25,87 0,94 2016,33
Cluster 6: Semantic Interoperable Information Management (turquoise-coded)

Information retrieval 17 9 9 22,00 1,10 2011,56
Interoperability 17 10 10 66,00 1,85 2014,40
Ontology engineering 4 3 3 24,33 1,99 2014,67

The red coded cluster called “Ontology Lifecycle” and is associated with CH Ontology
processes. CH Ontology serves is a model for representing knowledge by capturing concepts,
relationships, and properties related to CH. The Ontology Design Pattern is proposed to increase
the usability and understandability of the CH Ontology. An ontology can be developed
manually from scratch or by integrating existing ontologies. Integration involves using existing
ontologies to develop a new ontology. Integration involves using existing ontologies to develop
a new ontology. Ontological Analysis is the method used to integrate existing ontologies into
the CH Ontology. The increasing number of studies in this area has the potential to benefit
CHKM. The development of these methods may serve as the foundation for Al-based CHKM
in the future.

The green coded cluster called “Semantic Knowledge Management” and is associated with the
integration of CH Ontology with semantic web technologies. Semantic Web Technologies help
to enhance the accessibility of CH knowledge by aiding in its preservation, digitalization, and
sharing. Semantic KM can provide numerous benefits for CH Ontology, including decision-
making support, semantic enrichment, data sharing, and interoperability.
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The blue coded cluster called “Al-based Knowledge Generation” can be attributed to the
benefits of Al technologies to the CH Ontology. These technologies can enhance knowledge
representation through semantic enrichment, automatic knowledge acquisition, intelligent data
integration, recommendation systems, data management, and knowledge representation. Al and
semantic web technologies can increase the accessibility of CH Ontology, contributing to the
creation of educational platforms.

The yellow coded cluster called “Semantic Search” is associated with the integration of CH
Ontology into search engines in order to increase the accessibility of CH information. Semantic
search systems use ontologies to provide descriptions of CH concepts and relationships,
triggering semantic inference and interpretation from CH information.

The purple coded cluster called “Semantic Web Technologies for the [oT” and is linked to the
use of the Internet of Things for creating interactive platforms for cultural heritage information.
The 10T has the potential to ensure the sustainability and dissemination of CH knowledge, while
also providing enriched user experiences through the development of interactive CHKM
models.

Turquoise-coded cluster called “Semantic Interoperable Information Management” is
associated with a more accessible, interconnected, and meaningful representation of
information. Intelligent and user-friendly CHKM systems can be developed by managing and
interconnecting CH information through semantic networks.

Discussions

The integration of emerging technologies into CH researches have primarily focused on
physical conservation. However, this approach has caused difficulties in ensuring
comprehensive conservation of CH information. The result was the conceptualization and
development of the CH Ontology for CHKM. Despite the recognized importance of CH
Ontology, existing literature shows that research in this area is relatively scarce. Developing
the CH Ontology presents fundamental challenges in various ontology-related tasks, including
design, configuration, and evaluation. These challenges increase the complexity of CH
Ontology research and highlight the complexity of the ontology development process. The
interdisciplinary nature of CH data poses an additional obstacle for research on CH ontology.
The flexible semantics required for CH Ontology must accommodate various data types
(Cacciotti, 2015; Belhi et al., 2019). These various data types can be easily integrated into CH
KG by using the semantic enrichment process applied to CH Ontology.

The literature on CH Ontology shows that there has been a noticeable increase in the use of
Semantic Web and Al technologies (Ozturk & Ozen, 2020). These areas of research are
prominent and dynamic, particularly in the context of CHKM development. The development
of the CH Ontology has been instrumental has played a crucial role in ensuring semantic
interoperability and effective representation of CH knowledge. The integration of Semantic
Web Technologies into the CH Ontology framework has the potential to promote
interdisciplinary interoperability in different fields. Furthermore, the strategic convergence of
Semantic Web Technologies and Al pave the way for new digital platforms in the CH sector.
The integration of these technologies can lead to the emergence of user-centered knowledge
sharing platforms, where CH Ontology serves as a core infrastructure for chatbot-based
services. The convergence of technologies, including loT, can serve as a catalyst for the

191



development of Cultural Heritage (CH) Digital Twins, which can improve the accessibility of
CH information and enhance the user experience. This synergy can also lead in new dimensions
of interaction and understanding in the field of CH.

Conclusion

This study aims to reveal the scientific trends of Ontology research in the CH literature. For
this purpose, bibliometric research and scientometric analysis were conducted. As a result of
the research, it was revealed that the CH Ontology can increase the accessibility and
maintainability of CH information by triggering the semantic CHKM. In addition, the
integration of Al technologies enhances the reach of the CH Ontology and expands its scope.
The expected outcomes of this integration include facilitating innovative knowledge sharing
platforms in the future. Therefore, prospective research should focus on seamlessly integrating
CH domain ontologies, Semantic Web Technologies, and Al technologies to provide
comprehensive Semantic KM. However, it is imperative to acknowledge a limitation of this
study, which relates to bibliometric screening and primarily covers journal articles with English
language restrictions. The data set used in scientometric mapping and analysis was derived from
academic research, excluding practical and commercial innovations. Future research could
benefit from incorporating data from practitioners and commercial organizations to further
enrich the analysis and thus draw more comprehensive and informed conclusions.
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Abstract

Due to its potential to elevate buildings as a system to a level where they turn into cognitive
(self-reliant autonomous decision-making and acting) entities, the adoption of Digital Twins
(DT) has been significantly increased. Therefore, maturity models have become essential for
evaluating and enhancing the advancement in DT to assess the adoption of technology across
various industries. The paper proposes a maturity model approach from an Artificial
Intelligence (Al) perspective to gain insights into the adoption and implementation of DT in the
AEC-FM industry, which distinguishes it from the existing maturity models. Additionally,
making a comparison between the interpretation of the term 'cognition’ in computer science
and its understanding within the AEC-FM industry, presenting pre-classified levels of cognition
in literature. In this regard, a literature review is conducted to figure-out the gaps in previous
DT maturity model studies. The proposed perspective could cover the missing Al perspective
in designing maturity models and provide insights into leveraging the semantics of the term
‘cognitive” in the AEC-FM industry. Future research directions could further explore various
dimensions of DT maturity models and cognition levels within the AEC-FM industry,
considering practical challenges and potential applications of DT implementations in-depth.

Keywords: artificial intelligence, digital twins, maturity model, the AEC-FM industry

Introduction

As Digital Twins (DT) becomes increasingly prevalent across various industries including
manufacturing, construction, aerospace, healthcare, and agriculture since it is first introduced
by Michael Grieves in 2003 (Grieves, 2014), there is a growing need for tools to evaluate its
current state and offer insights for enhancement. While there is no commonly agreed definition
of DT, in most of the definitions it consists of three main elements: the virtual side, the physical
side and the data/information flow (feedback and feed-forward loops) between the physical and
virtual to connect them. Maturity models are essential for evaluating the present uptake and
offering a structured framework for its ongoing advancement and integration of DT. There are
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different approaches exist in literature to derive DT development and by this way the maturity.
Grieves, introduced the concepts Digital Twin Prototype, Digital Twin Instance, Digital Twin
Aggregate, and Digital Twin Environment by further expanding the understanding of DT
aspects (Grieves & Vickers, 2017). Kritzenger et al. focused on level of data integrated between
physical and virtual environments and defined three different levels which are Digital Model,
Digital Shadow, and Digital Twin (Kritzenger et al., 2018). On the other hand, Kart et al.
outlined four level of DT based on their capabilities: Descriptive Twin, Diagnostic Twin,
Predictive Twin, and Prescriptive Twin (Kart et al., 2013).

Numerous maturity models exist in DT literature. However, they defined the maturity levels
and dimensions related to capabilities and features of a DT. The aim of this research is to
suggest a distinct perspective on assessing maturity by focusing specifically on the Al
perspective. Since the ultimate point researchers and industry practitioners aim to reach is
developing an intelligent system, DT, capable of self-reliant autonomous decision-making or
in other word ‘can think and/or act like human does’ the way inevitably navigate researchers
to focus on terms ‘Al’ and ‘cognition/consciousness’.

Building upon the above premises, this paper aims to investigate following research questions:

RQL1: Classification of the existing DT maturity models?

RQ2: What are strengths and weaknesses of the existing DT maturity models?

RQ3: What should be assessed for a Cognitive DT?

RQ4: The distinction between the determination of Cognition/Consciousness in
computer science and the AEC-FM field?

RQ5: How does the proposed Al-based perspective for DT maturity differ from the
previously used maturity perspectives?

In the following sections, the paper discusses various DT maturity models and emphasizes the
central concepts that form the basis of the proposed maturity perspective.

Existing Maturity Models in DT Literature

Maturity models developed for DT have been devised to evaluate and enhance the adoption of
DT across diverse industries. There are eight existing maturity model developed for DT in
literature which are from aerospace (Medina et al, 2022), manufacturing (Madni et al., 2019;
Hu et al.,2023; Mo et al., 2023), asset management (Chen et al., 2021), construction (Boje et
al.,2020; Evans et al., 2019) and smart city (Shemyakina et al., 2022). Figure 1 illustrates the
existing maturity models in DT literature.

Madhni et al. Chen et al. Shemyakina et al. Hu et al.
2019 }---{ 2019 }--{ 2020 }--{ 2021 }---{ 2022 }---
Evans et al. Boje et al. Medina et al. Mo elt al.

Figure 1: Existing maturity models.
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In the highest level of all existing maturity models, the scenario that the system attains cognitive
capabilities is advocated. For example, in the maturity model developed by Evans et al. (2019),
six maturity levels were outlined, with the highest level featuring complete self-governance
where the system can conduct autonomous operations and maintenance. At this stage, the
system can learn the preferences of humans (generating patterns) and takes minimal action or
without human interaction. Mo et al. (2023) identified five levels of autonomy and assessed
maturity across various categories, characteristics, and functionalities, for instance a system
achieving the highest level of autonomy in 'data integration' can perform self-optimization
activities. Similarly, in the model presented by Chen et al. (2021), the system transitions to
semi-automatic or fully automatic functioning and is capable of providing decision support
independently. Likewise, Madni et al. (2019) asserted that in the highest level of maturity within
their developed model, the system demonstrates a high degree of autonomy and possesses
supervised, unsupervised, and reinforcement learning capabilities. Although the existing
maturity models delve into DT literature and present maturity models based on the definition,
features, and functionalities, they fall short in defining the ultimate point a DT can reach
according to cognitive capabilities it might have.

Artificial Intelligence (Al) Approaches

Artificial Intelligence (Al) is a field with the potential to transform industries. Since the concept
first introduced by John McCarthy (McCarthy et al., 1955), numerous other definitions have
emerged, each emphasizing different facets of Al. The ultimate goal of DT, regardless of the
industry, is to define a system where the feedback and feed-forward loops between the real
world and its virtual representation are completed, thus establishing an endless cycle of
development for the data-information-knowledge (DIK) transformation cycle. Al is the primary
technology being used in DT, as it offers sophisticated data processing techniques to extract
insights from the captured data (Ozturk, 2021). For this reason, the development of a maturity
model for DT with cognitive capabilities, the assessment should be centred around Al
perspective.

The proposed maturity approach aims not only to create intelligent systems but also to acquire
insights into them. In this regard, the categorization of Stuart Russell and Peter Norvig is
adopted in this research (Russell et al., 2010). According to their categorization, there are four
Al approaches defined:

(@) Systems that think like human
“The automation of activities that we associate with human thinking, activities such as
decision-making, problem solving, learning ...” (Bellman, 1978)

(b) Systems that think rationally
“The study of the computations that make it possible to perceive, reason, and act”
(Winston, 1992)

(c) Systems that act like human
“The art of creating machines that perform functions that require intelligence when
performed by people” (Kurzweil, 1990)

(d) Systems that act rationally
“Computational Intelligence is the study of the design of intelligent agents.” (Poole et
al., 1998)”
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Since the time Alan Turing came with the idea of ‘thinking machine’ (Turing, 1950), the focus
of Al studies shifted to find ways to create human-like systems. This question triggered another
question; ‘can machines ever reach to human cognition level?” by time and separated
researchers into groups with different perspectives. While some of the researchers thinks that it
will never be possible for a machine (French, 2012; Searle, 2014), some were seeing this as a
certain outcome of technological advancements (Bostrom, 2015).

It is essential to understand the distinctions in thinking processes and behaviours to figure out
Al approaches. Systems that emulate human thought processes, characterized by intuitive and
experiential thinking styles, exemplify the approach of systems that think like human (Hongdizi
et al., 2023). An illustration of this approach is seen in Building Occupancy Systems, which
can predict future occupancy pattern by analysing the behaviours of human such as working
hours and schedules, is a good example for this approach. On the other hand, systems that think
rationally rely on logic and deliberate thinking (Pacini & Epstein, 1999). Building Information
Modeling (BIM) Systems can be an example to this approach since the aim of these systems
are optimization of building lifecycle by analysing several factors such as material cost and
energy efficiency. Systems act like human tries to emulate human behaviours and responses.
Smart Home Systems can learn and adapt the preferences of humans by time such as turning
off lights when there is nobody in room. Lastly, systems that act rationally make decisions and
turn them into action based on logic or predefined rules/principles. Intelligent Transportation
Systems (ITS) uses rational decision-making strategies to control flow of the traffic or
providing real-time data to travellers.

Cognition/Consciousness

Cognition is defined as, the mental processes involved in acquiring, storing, retrieving, and
using information from the environment (Mitchell et al., 2002). In computer science literature,
cognition has been classified into various levels. This paper adopts David Armstrong's
categorization as its framework to reveal what are the required cognition capabilities to create
a DT which demonstrates human cognition. Armstrong examined cognition across three distinct
levels which are Minimal Consciousness, Perceptual Consciousness, and Introspective
Consciousness.

According to this classification, the cognition level of a person sleeping is an example to
Minimal Consciousness level. During sleep, humans are unable to perceive even though their
sensory organs may be functioning. Regarding Perceptual Consciousness level, objects whose
existence has been established in preceding levels are contextualized based on their
relationships with other objects. At the Introspective Consciousness Level, the organism not
only understands the external world (context) but also comprehends its internal world.

In last years, there is a new effort of combining DT with some semantic technologies process
data in a way that human does. DT, as a platform, technology, and service, have potential to
facilitate the development of cognitive systems. The term ‘Cognitive Digital Twins’ firstly
introduced during an industry symposium. According to Zheng et al., in the coming years,
Cognitive Digital Twin will emerge as the outcome of augmenting traditional Digital Twins
with cognitive capabilities and incorporating diverse semantic technologies, such as Knowledge
Graphs (KGs) and Natural Language Processing (NLP) (Zheng et al., 2022) (Table 1).
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Table 1. Definitions of the term ‘Cognitive Digital Twins’ in the AEC-FM industry.

Reference Cognitive Digital Twins Definition
Saracevic, ‘a virtual representation of a physical object or system across its lifecycle
(2017) using real time data from 10T sensors and other sources to enable

learning, reasoning and automatically adjusting for improved decision-
making’

Fernandez et

‘a digital expert or copilot, which can learn and evolve, and that integrates

al., (2019) different sources of information for the considered purpose’

Luetal., ‘DT with augmented semantic capabilities for identifying the dynamics of
(2020) virtual model evolution, promoting the understanding of interrelationships
between virtual models, and enhancing decision-making’

Abburu etal., | ‘an extension of Hybrid Twin (HT) that incorporates cognitive features
(2020b) enabling the system to sense complex and unpredictable behaviour, reason

about dynamic strategies for process optimization, and continuously evolve
its digital structure and behaviour’

Johansen et
al., 2023

‘an extended version of traditional DT by integrating machine learning
techniques to create hybrid, self-learning, and proactive systems, as well as

leveraging the interaction between models and humans to support decision-
making processes’

In the AEC-FM industry, cognition is associated with the terms such as ‘autonomous decision-
making’, ‘perception’, ‘prescription’, ‘learning’, and ‘integration of different information
sources’, ‘advanced technological capabilities’. However, according to meaning of the concept
in computer science, cognition is perceived as more intricate than this. Moreover, the level of
introspective consciousness remains a topic of debate even among researchers in computer
science, and its understanding and application in the AEC-FM industry have yet to be clearly
defined.

In contrast to the perspective found in previously developed maturity models, this approach
aims to develop a Knowledge Management (KM) perspective focused on the collection,
processing, generation of information, storage, distribution, and reuse of data. While the
existing maturity models is beneficial in illuminating the current state of DT research and extent
of technological capabilities employed, they lack an understanding of the term 'cognition’ and
human cognitive capabilities. In addition to the concerns addressed in literature such as
‘autonomous decision-making’, ‘prediction’, ‘prescription’, and ‘model update frequency’, the
questions related to whether the system is aware of its context or if it can make inferences about
its own functioning (introspection) should also be considered. In addition to diverging from the
perspectives found in existing literature, the Al-based maturity perspective proposes a
comprehensive, structural, and more development-oriented solution for the DT maturity
subject.

Discussion

The primary aim behind the development of DT maturity models is to facilitate the adoption
and implementation of DT and creating more intelligent, cognitive systems with minimal or no
human interaction. Al is the key enabler technology for this purpose. However, the
understanding of Al and associated concepts such as cognition varies between the realms of
computer science and AEC-FM industry. This paper reviewed existing maturity models for DT
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and assessed those put forth by prior researchers. Through this review, gaps and misconceptions
in literature are identified.

This study introduces a new approach for developing DT with advanced cognitive capabilities
(self-reliant autonomous systems). Although the perspective proposed is better understood
within the computer science environment, and its adoption and implementation outside of this
domain are still in the early stages, the proposed approach contributes to the current literature
and holds potential for enhancing future maturity assessment studies.

Conclusion

The paper proposes a novel approach according to evaluation of maturity of DT after analysing
the existing DT maturity models in literature. The proposed method combines elements from
different terms and compares the comprehension of Al in both computer science and the AEC-
FM industry. While there are challenges in implementing the proposed approach in real-world
situations, it holds promise for elevating the built environment from being merely "smart"” to
more "intelligent”. This approach could facilitate the creation of symbiotic systems that
integrate the built environment with human interactions, enhancing connectivity and synergy
between the two. Future studies might involve developing a maturity model customized for the
AEC-FM industry, considering the proposed approach, and/or expanding upon the suggested
perspective by incorporating different levels of cognitive classification found in existing
literature. The main result of this study is to introduce a novel maturity approach for future
studies on digital transformation maturity, aiming to address misconceptions and gaps in the
current the AEC-FM industry-based research commenting on cognition and intelligence.
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Abstract

The integration of Large Vision-Language Models (LVLMSs) such as OpenAl's GPT-4 Vision
into various sectors has marked a significant evolution in the field of artificial intelligence,
particularly in the analysis and interpretation of visual data. This paper explores the practical
application of GPT-4 Vision in the construction industry, focusing on its capabilities in
monitoring and tracking the progress of construction projects. Utilizing high-resolution aerial
imagery of construction sites, the study examines how GPT-4 Vision performs detailed scene
analysis and tracks developmental changes over time. The findings demonstrate that while
GPT-4 Vision is proficient in identifying construction stages, materials, and machinery, it faces
challenges with precise object localization and segmentation. Despite these limitations, the
potential for future advancements in this technology is considerable. This research not only
highlights the current state and opportunities of using LVLMs in construction but also discusses
future directions for enhancing the model's utility through domain-specific training and
integration with other computer vision techniques and digital twins.

Keywords: ChatGPT, construction, GPT-4 Vision, GPT-4V, large vision language model,
large vision model, progress monitoring

Introduction

The rapid advancement of Large Language Models (LLMs) has significantly shaped the field
of natural language processing, placing these models at the center of text analysis and
generation efforts. LLMs, known for their training on large datasets, have developed the
remarkable capability to understand and produce text in a way that closely mimics human
language. The widespread availability of platforms like ChatGPT (OpenAl, 2022) and Gemini
(Google, 2023) has made these technologies accessible to more people, expanding their use
across different fields. Alongside the advancements in language processing, the emergence of
Large Vision-Language Models (LVLMs), also sometimes referred to as Large Vision Models,
signifies a similar revolution within the realm of image processing and interpretation. These
sophisticated artificial intelligence systems are engineered to analyze and interpret visual
information like their linguistic counterparts interpret text. Drawing on extensive visual
datasets, LVLMs are adept at identifying and understanding visual elements and structures,
thereby enabling a wide array of applications, including image-based dialogue, image
recognition, visual question answering, document analysis, and image captioning.
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The ascent of LVLMs follows the initial breakthroughs made by LLMs between 2017 and 2024,
as illustrated in Figure 1. One of the first releases of LVLMs with pioneering models is CLIP,
released by OpenAl (2021). CLIP, a vision-language model, excels in tasks ranging from image
captioning to visual question answering and image retrieval by leveraging its dual
understanding of images and text. The advent of GPT-4 (Generative Pre-trained Transformers)
by OpenAl marked a significant milestone with its enhanced generative capabilities (OpenAl,
2023a). In September 2023, OpenAl expanded these capabilities by introducing multi-modal
functions to ChatGPT titled GPT-4 Vision (GPT-4V), allowing the model to process and
respond to visual and auditory data (OpenAl, 2023b). GPT-4V extends the robust capabilities
of GPT-4 to include visual analysis, offering a more holistic interaction experience. This multi-
modal integration provides new opportunities for various industries to harness Al in
unprecedented ways.
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Figure 1: LVM and LVLM progress (LandingAl, 2023).

Applications of GPT-4 Vision span numerous sectors, including healthcare, robotics, security
and surveillance, retail and commerce, as well as content creation and entertainment,
demonstrating its versatility and broad utility. This introductory exploration sets the stage for a
detailed investigation into the applications of GPT-4 Vision, focusing on the construction
industry—a field where the potential of such technologies has not yet been fully tapped. This
study aims to reveal the applications of GPT-4 Vision in construction, highlighting its potential
in progress monitoring and tracking. As this topic is delved into more deeply, the capabilities
and challenges of integrating Al in construction will be explored, providing a comprehensive
overview of how these technological advancements could reshape the industry.

Related Work

The integration of artificial intelligence in various sectors has reached new heights with the
advent of GPT-4V, OpenAl's most advanced generative model. This section delves into the
diverse applications of GPT-4V across different domains, demonstrating its capability to
interpret and respond to visual data alongside text. From transforming medical diagnostics to
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advancing remote sensing technologies, the applications of this Al tool exemplify a significant
leap in bridging the gap between visual perception and language understanding.

In a 2024 study by Sievert et al., the researchers explored how OpenAI’s ChatGPT 4 with
Vision capabilities could be used to analyze medical images, specifically confocal laser
endomicroscopy (CLE) images, for diagnosing a type of cancer that occurs in the throat. A
collection of 12,809 CLE images from five patients was gathered and anonymized. The images
were used to train and validate OpenAl's GPT-4.0 API. A training dataset of 16 images and a
validation dataset of 139 images were classified. Despite the limited training, GPT-4.0 achieved
an accuracy of 71.2% in identifying cancer, which was still below the 88.5% accuracy rate of
human medical experts. This discrepancy highlights the challenges and limitations of Al in
medical diagnostics, mainly when dealing with small datasets (Sievert et al., 2024). In a
correspondence to the editor of the International Journal of Surgery (London, England), the
potential of GPT-4 in altering breast cancer treatment is highlighted. The authors discuss how
this advanced Al technology can aid in interpreting complex medical concepts, providing
emotional support, and assisting in patient self-management, making it a critical component of
breast cancer care. While GPT-4 enhances decision-making and medical education for
healthcare providers, it is emphasized that it cannot replace the crucial role of human doctors
or the empathy inherent in patient care. Breast cancer treatment still demands expert judgment
and a personalized approach from a physician, and ethical considerations are vital to ensure
fairness and transparency in Al's application. Despite potential challenges, there is significant
optimism about the role of GPT-4 in advancing breast cancer treatment, promising a future
where human expertise and artificial intelligence synergize to enhance patient support and care.
The correspondence calls for further research to explore the benefits of GPT-4, underscoring
its potential to transform healthcare practices (Deng et al., 2023).

Recent advancements in Al technology have led to exploring its potential applications in
medical education, particularly in examining how models like ChatGPT perform in medical
examinations. In a 2024 study by Nakao et al., researchers assessed GPT-4V using the 117th
Japanese National Medical Licensing Examination, which included visual elements. The study
revealed that the inclusion of images did not improve performance; accuracy rates were 68%
with images and 72% without, suggesting that the current version of GPT-4V may struggle with
interpreting medical images, potentially limiting its applicability in medical training and
decision-making (Nakao et al., 2024). Building on these findings, another study by Hyungjin
Kim et al. in 2024 explicitly focused on ChatGPT’s ability to interpret radiological images from
medical school exam questions. While ChatGPT demonstrated proficiency in handling text-
based radiology questions, it weakened with image-based queries, showing significantly lower
accuracy than third-year medical students. This indicates that although Al models like ChatGPT
are progressing, they still require significant enhancements and specialized training in medical
imaging to be considered reliable in the clinical radiology setting (Kim et al., 2024).

Despite this technology's challenges and early development stage, the authors are optimistic
about its application prospects, suggesting that Visual ChatGPT could significantly advance
remote sensing methodologies by making them more accessible and efficient. Balado and
Nguyen (2023) evaluated the functionality of MATLAB codes generated by ChatGPT for point
cloud processing tasks such as surface normal calculation, curvature, eigenvalues, and
eigenfeatures. The study demonstrated that while ChatGPT could generate simple and short
functional codes, it struggled with more complex code that required the correct use of loops,
indexes, or equations. This research highlights the potential of LLMs in generating code for
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specific tasks, suggesting their utility primarily in educational contexts or as a starting point for
more complex programming challenges.

ChatGPT-4's vision capabilities have not been thoroughly explored in construction
applications, with only a few review papers discussing the potential usage of these vision
applications. The 2024 article by Ghimire, Kim, and Acharya explores the role of Generative
Al in the construction industry, focusing on its opportunities and challenges. While their
discussion primarily addresses text-to-text applications, they also briefly mention text-to-image
applications. These potential uses involve generating visual representations of site conditions,
traffic patterns, and zoning laws and creating targeted safety and trade training materials.
However, the article lacks examples of image-to-text applications (Ghimire et al., 2024). In
another study, Saka et al. (2024) comprehensively examine GPTs within the construction
industry, exploring their potential applications, limitations, and practical utility. They highlight
two specific computer vision capabilities of GPTs: hazard identification and waste
management. The authors include an image of a hazardous construction site environment to
prompt the identification of potential hazards. Another example demonstrated the use of
ChatGPT to identify waste materials in an image and recommend appropriate waste
management methods, with ChatGPT providing effective responses. Together, these studies
reflect the growing interest in applying advanced Al tools to bridge technological gaps and
enhance operational efficiencies in the construction industry.

An lllustrative Example

This section demonstrates the application of GPT-4 Vision to monitor and track construction
progress for two buildings on a university campus at the Middle East Technical University. The
first site features a combination of reinforced and steel structures (Figure 2a), while the second
site consists of fully reinforced concrete structures (Figure 2b). ChatGPT had been used via
chat.openai.com as of April 28th, 2024. We used high-resolution aerial photographs with
dimensions of 4000x3000 pixels. No custom instructions of ChatGPT or memorization features
were enabled, allowing results based purely on the input provided during each session. The
response time for each result generation was less than 30 seconds.

s

Figure 2: Input images for scene understanding.
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For the initial analysis, High-resolution aerial images measuring 4000x3000 pixels were
utilized. The Al was prompted to “List the properties in this construction site.” for each
image, ChatGPT responded to for reinforced and steel structure (Figure 2a) as:

In the construction site depicted in the image, the following properties and features can be identified:

1. Building Under Construction: A partially constructed multistory building with exposed floors.

2. Red Steel Framework: A red steel structural framework is visible on top of the building, indicating
ongoing construction or expansion.

3. Heavy Machinery:

* Excavator: Positioned on the ground to the right of the building, possibly used for

earthmoving or site preparation tasks.

* Wheel Loader or similar machinery: Located at the bottom left corner, typically used for moving
materials.

4. Construction Materials:

* Sand piles: Likely used for making concrete or for grading purposes.

* Gravel or aggregate piles: Also a component of concrete or used for drainage systems.

* Pipes and construction supplies: Stored around the site, indicating the various stages of construction
activity.

5. Perimeter Fencing: Enclosing the site for security and safety, indicating a controlled access area.

6. Storage and Workspace:

» Covered areas that could serve as on-site storage for tools and materials or as workspaces for the
construction crew.

* Open areas with stacked materials and supplies necessary for the ongoing construction work.

7. Geographic Location: The presence of a forest or treed area around the construction site, suggesting
a location that is not densely urban.

8. Site Terrain: Modified ground surrounding the building, with visible tire tracks and dug-out areas
indicating heavy machinery movement and site preparation work.

9. Safety Features: Visible safety barriers around potential hazards and possibly safety signage (not
clearly visible but commonly present in such settings).

ChatGPT response for fully reinforced concrete structure (Figure 2b):

The image shows a construction site with various features:

1. Partially Constructed Multi-Story Building: There's a structure that appears to be a multi-story
concrete building in the midst of construction. Some floors are partially done with visible columns and
support beams.

2. Construction Materials: Various construction materials are scattered throughout the site, including
stacks of bricks, piles of construction bars (rebar), and other building materials.

3. Heavy Machinery: There is construction machinery present, which includes at least one telehandler
and what appears to be a mobile crane.

4. Scaffolding: There are sections of scaffolding around the building, used by workers to access higher
levels of the construction.

5. Debris: There's a significant amount of debris and rubble on the upper floors of the building, possibly
from demolition work or the aftermath of a structural collapse.

6. Surrounding Structures: Adjacent to the construction site, there are other buildings that look like
completed structures, possibly office or industrial buildings.

7. Safety Barriers: There are red and white safety barriers around the perimeter of the site, which are
likely there to prevent unauthorized access and to mark the construction zone.

8. Construction Site Accessories: There are also various items like portable toilets, storage containers,
and makeshift sheds, probably used for storage or as temporary site offices.

9. Fenced Areas: Part of the construction site is fenced, likely for security purposes and to delineate the
construction area from the surrounding environment.

10. Topography: The site is surrounded by some greenery and trees, indicating it may be on the outskirts
of an urban area or in a more suburban or rural setting.

11. Vehicle Tracks: There are visible tracks on the ground, indicating the movement of vehicles around
the site.

These observations provide a general understanding of the construction site's characteristics and status.
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These results showcase GPT-4 Vision's adeptness at comprehensive scene analysis, providing
a foundational understanding of the construction site's current state and context. Following the
scene understanding, the study progressed to examine GPT-4 Vision's capability in tracking
construction development and assessing task completion. Two sets of aerial images of the fully
reinforced concrete structure, taken one month apart, were uploaded to the ChatGPT (Figure
3). The system was instructed to “Two images will be uploaded, after upload, categorize and
create a list of construction progress. ”

Figure 3: Input images for construction progress tracking.
ChatGPT responded to this prompt as given below:

Thank you for uploading both images. Based on the visual information, | will categorize the construction
progress as follows:

First Image:

1. Excavation and foundation work appears to be complete.

2. Formwork for columns and walls is erected, indicating that the construction is prepared for concrete
pouring.

3. Scaffolding is in place for work on the above-ground structure.

4. Construction materials and equipment are organized around the site, showing active work. 5. The
ground floor slab seems to be complete, with work progressing on upper floor slabs.

Second Image:

1. The progress is similar to the first image with the continuation of concrete work.

2. Formwork is present on additional floors, suggesting vertical construction progression. 3. More
scaffolding is visible, indicating ongoing work on higher levels.

4. Construction materials appear to be more spread out, likely due to work taking place on various parts
of the building simultaneously.

5. The perimeter of the building seems to be more defined, with potential work on internal partitions or
walls.

Both images show the construction site at an advanced stage of the structural phase, with work focused
on erecting the concrete skeleton of the building. The precise sequence of construction steps can only be
determined if the images are taken at different times; however, the visible elements suggest the project is
moving from completing the ground floor toward constructing the upper floors. There doesn't appear to
be any significant exterior work yet, such as cladding or facade installation, which typically follows the
completion of the main structure.

Then, the Al tool was provided with a list of expected tasks at the construction site and asked
to, “From this list which tasks are completed? Categorize, completed, ongoing and not started
tasks only. Prepare a table.

1 Site - Earth

2 Foundations

3 Structural Columns - B1 Basement
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4 Structural framing - B1 Basement
5 Floor Slabs - B1 Basement

6 Structural Framing - Ground Floor
7 Floor Slabs - Ground Floor

8 Structural Columns - Ground Floor
9 Columns - Ground Floor

10 Structural Framing - 1st Floor

11 Floor Slabs - 1st Floor

12 Structural Columns - 1st Floor

13 Columns - 1st Floor

14 Structural Framing - 2nd Floor
15 Floor Slabs - 2nd Floor

16 Structural Columns - 2nd Floor
17 Columns - 2nd Floor

18 Structural Framing - Roof

19 Floor Slabs - Roof

20 Roofs”

GPT-4 Vision identified the progress and tabulated the tasks into categories as below:

Based on the images provided and the construction list, the categorization of tasks is as follows:

1 Site - Earth - Completed

2 Foundations - Completed

3 Structural Columns - B1 Basement - Completed

4 Structural framing - B1 Basement - Completed

5 Floor Slabs - B1 Basement - Completed

6 Structural Framing - Ground Floor - Completed

7 Floor Slabs - Ground Floor - Completed

8 Structural Columns - Ground Floor - Completed

9 Columns - Ground Floor - Completed

10 Structural Framing - 1st Floor — Ongoing

11 Floor Slabs - 1st Floor — Ongoing

12 Structural Columns - 1st Floor — Ongoing

13 Columns - 1st Floor — Ongoing

14 Structural Framing - 2nd Floor — Not Started

15 Floor Slabs - 2nd Floor — Not Started

16 Structural Columns - 2nd Floor — Not Started

17 Columns - 2nd Floor — Not Started

18 Structural Framing - Roof — Not Started

19 Floor Slabs - Roof — Not Started

20 Roofs — Not Started

The above categorization is inferred from the images with the understanding that the first floor is above
the ground floor. The tasks that are 'Ongoing' are assumed because there is visible work in progress
related to those tasks in the images, whereas 'Not Started' tasks are those for which there is no visible
work or structure present.

Discussion and Conclusions

The deployment of GPT-4 Vision in construction progress monitoring offers promising insights
into the initial capabilities of Al for scene understanding and progress monitoring. As far as the
authors' knowledge, this is the first study to explore the use of GPT-4 Vision for construction
progress monitoring, offering new insights into its capabilities and limitations. This section
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delves into the findings of this evaluation in detail while explaining the current state, limitations,
opportunities, and future works.

Current State and Limitations

The review of ChatGPT-4 Vision capabilities in identifying and analyzing construction
sites reveals both its strengths and limitations. Initially, ChatGPT effectively recognizes
the type of building and construction materials, correctly identifying type of steel and
reinforced concrete structures.

Regarding construction machinery, ChatGPT demonstrates an understanding of
different equipment types, such as excavators and wheel loaders, although it struggles
with precise location identification due to its inability to detect objects at the pixel level.
The inability to accurately detect objects in images hinders the performance of detection
and segmentation tasks in computer vision applications. The machinery was identified
as a telehandler and a mobile crane in Figure 2b. Although the mobile crane was
correctly identified, a backhoe loader was actually present on the site instead of a
telehandler. However, the equipment mounted on the front of the backhoe loader is
similar to that of a telehandler, which performs similar functions. Therefore, this
misclassification is not entirely incorrect.

Moreover, ChatGPT can identify various construction site materials like sand piles,
pipes, and other supplies, providing relevant information about their uses. This
knowledge aids in assessing the progress of construction accurately. However, there are
instances of misclassification, such as wrongly identifying debris on upper floors as
unused materials, leading to incorrect assumptions about potential demolition work.
This points to limitations in object classification that could affect the model's reliability
in specific scenarios.

Regarding safety measures, ChatGPT identifies general precautions like perimeter
fencing and safety barriers but lacks specificity about their locations. This general
information might not be sufficient for detailed safety analysis or planning.

ChatGPT demonstrates proficiency in contextualizing the construction environment,
successfully identifying non-urban settings by noting surrounding forests and tree areas.
It recognizes site accessories such as portable toilets and storage containers, which are
crucial for managing and organizing construction sites. The model also comments on
site accessibility by noting roads and visible tracks, although these observations are not
detailed.

For the comparison of consecutive time images, ChatGPT analyzes each construction
stage sequentially, providing general information about the stage, materials, and
machinery involved as it conducts scene understanding (Figure 3). The first image was
identified with the foundation work completed. ChatGPT noted the preparation for
concrete pouring, inferred from the erection of formwork for columns and walls. It
correctly identified the completion of the ground floor slab. The addition of floors and
the progression of vertical construction was recognized in the second image. It was also
observed that more construction materials were distributed across the site, indicating
that various parts of the structure were being built simultaneously.

To establish a baseline for ChatGPT, items from the construction plan were provided,
and it was prompted to categorize these items as completed, ongoing, or not started. It
demonstrated the ability to create a categorized table. ChatGPT accurately understood
that the earthworks and foundations were completed. The platform identified the floor
levels, noting that the tasks on the ground floor were completed and that construction
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on the first floor was ongoing. The tasks for the second floor had not yet started. A more
detailed construction plan could be input to enhance the categorization of each task.

Opportunities and Future Works

Looking forward, the development of GPT-4V in progress monitoring tasks represents
an early step with significant potential for expansion and improvement. Current research
should include more diverse structures, such as transportation and hydraulic facilities,
to test the model's capability to identify different material types. This would provide a
broader understanding of its applicability across various construction domains.
Integrating aerial and ground images when uploading to the ChatGPT process could
enhance the model's effectiveness by providing a more comprehensive view of
construction sites. This approach could lead to more detailed and accurate monitoring,
encompassing a wider range of perspectives and details.

While current GPT models do not have the capability to segment objects within images,
utilizing pre-segmented images could facilitate better object differentiation, as
suggested by Yang et al. (2023), indicating that segmented images improve object
localization. Hence, incorporating segmented images could be a valuable next step in
refining GPT’s visual recognition functions.

It is also crucial to evaluate other language vision models like Gemini (Google, 2023)
and LLaVa (Liu et al., 2023) to compare their performance with GPT-4V. Such
comparative studies could highlight strengths and weaknesses specific to each model,
guiding further development and optimization.

Integrating GPT models with as-planned models could significantly enhance
construction monitoring, such as exporting screenshots of the same viewpoints from 4D
BIM as both as-planned and as-built images for GPT analysis. This integration could
assist in creating accurate digital twins and enable precise tracking of construction
progress.

Lastly, there is immense potential in training or fine-tuning these models with
construction-specific images. Domain-specific large vision models could revolutionize
the industry by improving efficiency and expanding capabilities (LandingAl, 2023).
Their ability to understand complex patterns from large datasets could be pivotal in
addressing various challenges within the construction sector and beyond.
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Abstract

The rapid growth in global population and technological advancements has led to a significant
increase in human needs and consumption rates, resulting in critical levels of energy resources.
According to data from 2021, the construction industry is the sector with the highest energy use
and CO2 emissions, accounting for approximately 40% of global consumption. Consequently,
there has been a heightened interest in sustainability within the construction industry, with
numerous studies conducted on the subject. Many of these studies emphasize the advantages of
integrating BIM into sustainability studies, such as collecting and sharing information, saving
time, and minimizing errors. This study aims to increase understanding of BIM-based
sustainability applications in construction projects, identify gaps in existing literature, and
determine future research trends. To achieve these objectives, a comprehensive literature
review was conducted on BIM-based sustainability applications in the construction industry
over the past decade. The study concludes with a summary of academic research on Green
BIM, identification of gaps in the literature, and forecasting of future trends. The research
findings indicate that the Green BIM concept has gained broader appeal since 2019, and its
use in conjunction with loT, digital twin, and Industry 4.0 concepts has increased. This suggests
that future studies on Green BIM should involve interdisciplinary research in fields such as
engineering, business, economics, and information technologies, with a focus on facility
management processes and the integration of sustainability and Al technologies. Currently,
there are very few studies that take a comprehensive approach to addressing all dimensions of
sustainability. As models that incorporate both environmental and economic aspects become
more prevalent, the adoption of BIM-supported sustainability applications has begun in the
sector, but the desired level of usage has not yet been achieved.

Keywords: BIM, building information modeling, construction industry, Green BIM,
sustainability.

Introduction

The unprecedented growth in global population, industrialization, and urbanization has exerted
immense pressure on the climate, biodiversity, natural resources, and urban green spaces,
leading to their increasing scarcity and pollution. The development of transportation networks
and vehicles in urban areas has resulted in several issues, including excessive energy
consumption, traffic congestion, and air and noise pollution (Agil, 2022; Mersal, 2016). The
expanding technology and energy demands have contributed to environmental pollution and
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the depletion of fossil fuel reserves at an alarming rate. Uncontrolled development not only
undermines the gains made but also threatens the fundamental ecosystem balance (Harris,
2000).

In 2022, a global status report on the building and construction sector revealed that the
construction industry accounts for approximately 38% of global energy consumption and 42%
of greenhouse gas emissions. The construction sector also accounts for a considerable portion
of Turkey's energy consumption. As a country dependent on non-renewable energy resources,
Turkey imports fossil fuels to fulfill its energy requirements. In 2019, 41.6 billion dollars of
Turkey's total imports consisted of primary energy resources, amounting to 19.8% of the total.
This situation also has a detrimental impact on the country's economy (Gllagmaz, 2021).
Buildings must be designed with energy consumption and CO2 emissions in mind at every stage
of their existence, spanning from design and construction to operation and demolition. While
new buildings can be constructed to meet energy-efficient design criteria, existing buildings
can also be retrofitted to become energy-efficient buildings through the use of active and
passive systems. The process of designing or transforming buildings into environmentally
friendly green buildings is intricate and requires expertise in numerous fields. Furthermore, the
distinct nature of construction projects, the difficulty in quantifying parameters such as energy
use, greenhouse gas emissions, and waste production, and the substantial degree of uncertainty
in future calculations, all serve to complicate the entire green building process, from design to
demolition.

Utilizing Building Information Modeling (BIM) technology, it is possible to generate three-
dimensional models of buildings during the design phase and perform energy analysis by
projecting the amount of energy required throughout the building's lifetime. This enables the
conservation and utilization of on-site energy, which is a crucial indicator of development and
contributes to environmental protection. By ensuring energy efficiency for buildings that have
the highest energy demands, BIM technology helps to reduce energy consumption. The concept
of employing BIM-based sustainable design and green building applications to achieve
sustainable objectives in a project is referred to as "Green BIM." In response to global warming,
energy resource scarcity, and environmental degradation, Green BIM serves as a valuable tool
for constructing low-carbon eco-cities. Many researchers agree that BIM technology can
simplify complex processes for individuals and organizations in the construction industry. The
goal of this study is to examine the existing literature on academic studies that involve
sustainability and BIM integration. The research aims to identify gaps in the literature on green
BIM, a concept that refers to the use of BIM in sustainable construction. To achieve this, articles
were scanned using the WOS (Web of Science) database, using keywords such as green BIM,
sustainability, sustainable construction, construction industry, and BIM. The selected articles
were filtered based on their relevance to green BIM and their potential to contribute to the study.
A bibliometric analysis was then conducted on the selected articles to determine trends and
identify gaps in the literature. The study's findings are expected to provide researchers and
experts in the field with a comprehensive understanding of the scope of BIM's application for
sustainable construction and to promote a holistic BIM approach for sustainable design and
construction as a green BIM.

The construction industry's significant impact on resource consumption, energy use, CO>
emissions, air and environmental pollution makes reducing its negative effects on the
environment a top priority environmental problem. Numerous studies have extensively
examined the use of BIM in all stages of construction projects, from design to demolition, and
have found it to significantly contribute to project sustainability. This study aims to
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systematically review the literature on the "Green BIM" concept, which integrates sustainability
and BIM issues, in order to summarize existing research, identify knowledge gaps, and
determine future research directions. A bibliometric analysis technique was employed in this
study to analyze academic publications related to the Green BIM concept.

Methodology

Within the scope of the study, the data to be used for bibliometric analysis were collected
through the Web of Science (WOS) library. First, the word groups "Green BIM" and
"Sustainability and BIM™ were searched separately through the WOS database using article
titles, keywords and article topics. The search outcomes were filtered to encompass the years
2012-2022 and only include research and review articles, resulting in a total of 832 articles
found. In this study, the VOSviewer software was chosen for its ability to perform basic
functions effectively. This program provides cluster-based maps that enable easy classification
of bibliometric network data. To map the 832 articles accessed, Citation and Co-occurrence
analyses were conducted. As a result, documents, sources, authors, and countries were
identified under citation analysis, while keywords were mapped under co-occurrence analysis.

Findings and Discussion

Sustainability has emerged as a critical concern in the contemporary construction industry,
primarily driven by the pressing issues of global warming, energy resource depletion, and
environmental degradation (Harvey, 2012). In this context, Green BIM is widely recognized as
an effective tool for promoting eco-friendly building design, energy efficiency, and natural
resource conservation. The primary goal of this study is to investigate the current trends in
Green BIM by analyzing the theoretical underpinnings of the Green BIM concept and the
relevant research conducted over the past decade, while also assessing the bibliometric
properties. After employing the appropriate filters for the research topic, a total of 832 research
and review articles were identified in the WOS database. These publications were filtered by
year to include only those published between 2012-2022 and were limited to research and
review articles. Furthermore, a second search was conducted using the subjects "BIM" and
"Green Building" between 2012-2022, providing a comparative view of the number of studies
on these topics. The results indicate that while the overall number of studies on BIM has
increased over the years, there has been a decrease in recent years. In contrast, there has been a
significant increase in studies on green building, particularly between 2018-2020, but this trend
has since slowed or decreased. Comparing the number of studies on green building and BIM
reveals that there are fewer studies on Green BIM, and interest in this concept has remained
strong since 2018.

Table 1. Top 10 journals with the most articles published on green BIM concepts.

Number of Articles

Journals BIM Gr.eer? Green
Building BIM
Sustainability 125 216 111
Journal of Cleaner Production 45 110 40
Buildings 119 74 38
Automation in Construction 386 13 35
Journal of Building Engineering 51 39 29
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Table 1 continued

Number of Articles

Journals
BIM Grger) Green
Building BIM
Engineering Construction and Architectural Management 95 18 22
Sustainable Cities and Society 16 57 19
Building and Environment 34 112 19
Energy and Buildings 33 104 18
Applied Sciences 87 13 16
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Figure 1: Number of articles on Green BIM between 2012 and 2022.

The top three journals with the most publications on Green BIM are Sustainability, Journal of
Cleaner Production, and Buildings. According to Table 1, these journals have published a total
of 111, 40, and 38 articles on the subject in the last 10 years, respectively. Additionally, the
number of studies on BIM and Green Building published in these journals between 2012 and
2022 is also shown in the Table 1. The three articles with the highest number of citations were
identified as "Application of Life-Cycle Assessment To Early Stage Building Design for
Reduced Embodied Environmental Impacts” (Basbagill et al., 2013), "A Scientometric Review
of Global Research on Sustainability and Sustainable Development” (Olawumi & Chan, 2018)
and "Enhancing Environmental Sustainability Over Building Life Cycles Through Green BIM:
A Review" (Wong & Zhou, 2015). Upon analyzing the top 10 studies with the highest number
of citations, it was observed that 50% were research articles, and two of the top three articles
were review articles (Table 2).
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Table 2. Top 10 articles with the highest number of citations among studies on Green BIM
between 2012-2022.

Article Number of

Author Year Article Title .
Type citation

Basbagill et.
al.

Application of life-cycle assessment to early stage building
design for reduced embodied environmental impacts
Olawumi A scientometric review of global research on sustainability

2013 Research 348

and Chan 2018 and sustainable development Review 314
Wong and 2015 Enhancing environmental .sustam_ablllty over building life Review 304
Zhou cycles through green BIM: A review

Automatic BIM component extraction from point clouds of
existing buildings for sustainability applications
Building Information Modeling (BIM) for green buildings:

Wanget.al. 2015 Research 241

Luet. al. 2017 A critical review and future directions Review 224
Soust-
Verdaguer 2017  Critical review of bim-based LCA method to buildings Review 214
et. al.

A mixed review of the adoption of Building Information .
Chonget.al. - 2017 1 odelling (BIM) for sustainability Review 190
Cheng and 2013 A BIM-based system for demolition and renovation waste Research 189

Ma estimation and planning
An investigation of the impact of building orientation on

ngrsda and 2016  energy consumption in a domestic building using emerging  Research 173
Y BIM (Building Information Modelling)

Bynum et. 2013 Buﬂ_dmg Information .Modellng in Support of Sustainable Research 134

al. Design and Construction

During the period from 2012 to 2022, the ranking of sources based on the number of citations
received by articles published on Green BIM is presented in Table 3. The top three journals in
terms of the number of citations received are Automation in Construction, Journal of Cleaner
Production, and Sustainability journals. However, when considering the citation/article ratio, it
is evident that the top three journals are Automation in Construction, Journal of Cleaner
Production, and Energy and Buildings, respectively.

Table 3. List of top 10 journals where articles on Green BIM with the highest number of
citations were published between 2012 and 2022.

Number of  Number of
Journal

Avrticles Citations
Automation in Construction 35 2294
Journal of Cleaner Production 40 2165
Sustainability 111 1413
Building and Environment 19 889
Energy and Buildings 18 856
Journal of Building Engineering 29 847
Sustainable Cities and Society 19 792
Renewable & Sustainable Energy Reviews 9 373
Engineering Construction and Architectural Management 22 348
Buildings 38 346

The top twenty most frequently cited authors among those who have published research on the
Green BIM concept and related subjects are presented in Table 4, organized according to the
number of citations their work has received. In the ranking based on the citations garnered from
their Green BIM-related studies, Daniel W. M. Chan takes the lead with 1106 citations from a
total of 22 articles. Trailing closely behind in second place is Timothy O. Olawumi, with 987
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citations from 18 articles. Rounding out the top three is Xiangyu Wang, who has authored 9
articles on Green BIM and received 527 citations.

Table 4. The top 20 authors with the most citations based on their Green BIM-themed articles
published between 2012 and 2022.

Author Article Citation Link  Author Article Citation Link
Chan, Daniel W. M. 22 1106 483 Chan, Albert P. C. 4 284 84
Olawumi, Timothy O. 18 987 443 Lu, Yujie 3 283 142
Wang, Xiangyu 9 527 143 Llatas, Carmen 4 277 137
Cheng, Jack C. P. 6 405 54 ;‘;‘f‘;’r\é:trtdeag“er’ 4 277 137
Jalaei, Farzad 7 402 197 Figueiredo, Karoline 5 261 144
Chong, Heap-Yih 5 315 106 Abanda, F. H. 6 257 71
Jrade, Ahmad 4 311 165 Hollberg, Alexander 4 226 123
Haddad, Assed 7 299 174 Shadram, Farshid 3 222 78
Jin, Ruoyu 5 296 48 Habert, Guillaume 3 221 107
Kaewunruen, Sakdirat 8 290 58 Passer, Alexander 5 218 144

Table 5 presents the country ranking and mapping based on citation numbers. In the country-
based ranking, which is based on the number of citations of studies on sustainability and BIM
integration in the construction industry over the past 10 years, China, England, the USA, and
Australia are in the top four positions, consistent with the institution ranking. Turkey ranks 20th
in the list, with 21 studies and 280 citations to those studies.

Table 5. The top 20 countries with the most citations for their Green BIM-themed articles
between 2012 and 2022.

Country Articles Citations Links Country Articles Citations Links
China 224 5603 2273 Iran 29 513 388
England 116 2715 1129 Italy 37 509 314
USA 76 2382 874 Malaysia 53 475 622
Australia 88 2217 1381 Egypt 28 378 288
South Korea 27 997 359 Sweden 14 376 220
Canada 28 817 541 Ireland 6 340 72
Spain 36 722 499 Netherlands 15 339 197
Portugal 25 610 570 Austria 14 320 280
Brazil 27 522 504 Germany 27 292 121
Singapur 17 519 340 Turkey 21 280 317

To be included in the analysis, keywords were required to have a minimum of ten occurrences,
resulting in 120 out of 3322 keywords meeting these criteria. The keywords with the highest
visibility, as determined by frequency of occurrence, are presented in Table 6. As illustrated in
Figure 2, the keyword "energy,” in its various combinations, is the most fundamental parameter
in green BIM research.
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Table 6. The most used keywords in their articles on Green BIM between 2012 and 2022.

Keywords Co- | inks Keywords Co- Links
occur occur
BIM 492 771 Environmental Impact/ Analysis 35 93
Sustainability 185 402 Integration 25 62
LCA 93 230 Circular economy 24 64
Energy - .
Performance/Analysis/Efficiency 87 186 Digital twin 19 40
Sustainable Construction 71 178 Green BIM 17 31
Construction Projects 70 154 Construction Management 17 36
Green building 65 131 Lean Construction 15 37
Literature review 56 131 Carbon Emission/Carbon Footprint 15 35
Sustainable design 40 104 Facility Management/Care 15 23
Building 36 90 Interoperability 14 27
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Figure 2: Keyword in the mapping system based on co-occurrence data.

The findings from the bibliometric analysis conducted using co-occurrence data reveal that the
Green BIM concept has gained prominence in studies on sustainability and BIM integration
since 2019. It is noteworthy that the keywords facility management, maintenance, digital twin,
internet of things, Blockchain, and Industry 4.0 have witnessed an upsurge in usage in recent
times. As such, it is expected that future research in the field of Green BIM will involve
extensive interdisciplinary studies in the domain of engineering, business, economics, and
information technologies, encompassing facility management processes and the integration of
sustainability and artificial intelligence technologies.

In this section of the study, a content analysis of the most highly cited articles was performed
as a result of the bibliometric analysis, with the aim of identifying the primary topics on which
the most effective studies within the scope of Green BIM over the past decade have focused.
Energy efficiency, Green Building Assessment Tools, and Life Cycle Analysis are the central
themes of Green BIM studies. For instance, LCA-BIM-based models developed by various
researchers to aid designers in the selection and sizing of building materials in green building
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design can be cited as examples of such studies (Basbagill et al., 2013; Figueiredo et al., 2021,
Jrade & Jalaei, 2013; Najjar et al., 2017; Rock et al., 2018).

Minimizing carbon emissions from buildings is another topic that studies on sustainability and
BIM integration examine. To this end, Yang et al. (2018) created a BIM-supported LCA
analysis model that encompasses building material production, logistics, assembly, and
construction processes. In another study, a BIM-based model was developed to optimize the
life cycle costs and carbon emissions of buildings throughout their entire lifecycle (Liu et al.,
2015). Unlike previous studies, Cavalliere et al. (2019) proposed a novel LCA model that
increases the detail levels of BIM and LCA to guarantee continuous environmental impact
analysis throughout the design process, encompassing planning, project approval, tendering,
and construction phases.

Building Information Modeling (BIM) has been increasingly employed in recent years to
investigate the energy efficiency and performance of buildings, owing to its expediency and
ease of use for interoperability and visualization. Abanda and Byers (2016) utilized BIM in
their research to analyze the impact of building orientation on energy efficiency. Shadram et al.
(2016) developed a BIM-based framework model that aimed to minimize the embodied energy
in building material selection. To enhance the dependability of BIM-based energy modeling
Ham and Golparvar-Fard (2015), created a model that allows for the automatic association of
actual heat transfer measurements, obtained using 3D thermography, with BIM elements.
Furthermore, Kaewunruen et al. (2018) devised a framework model that integrates digital twin
and sustainability concepts to evaluate existing buildings both technically and financially within
the context of "Net Zero Energy Buildings."

BIM has also gained traction in studies focusing on waste management, which is a crucial aspect
of sustainability in construction projects. Cheng and Ma (2013) developed a BIM-based model
that estimates the amount of waste generated by demolition and renovation projects, taking into
account the recyclability and reusability of waste. This model also accounts for the need for
pickup trucks at waste facilities and provides cost estimates for waste disposal. Atta et al. (2021)
made a significant contribution to waste minimization by creating a BIM-based digital material
passport model that considers demountability, reuse, and recyclability factors of materials.

In various research initiatives focused on BIM and sustainability, it has been observed that
green building assessment systems are frequently incorporated into the developed models.
Jalaei and Jrade (2015) created a model that combines BIM and LEED certification systems to
promote sustainable construction. Similarly, Marzouk et al. (2018) integrated LEED criteria
into their BIM-based models to assist designers in material selection that is aligned with
sustainability and allows for a stochastic life cycle cost estimation. Ilhan and Yaman (2016)
developed a green building evaluation tool based on IFC, and preferred the BREEAM
certification system to validate the model. In another study, a framework was established to
ensure the integration of BIM into the SBTool green building evaluation system, and it was
determined that 24 out of the 25 criteria could be evaluated through BIM for the SBTool PT
certificate (Carvalho et al., 2019).

Although most studies conducted within the realm of Green BIM focus on model development,
numerous research articles have also been published on the perception of Green BIM among
various project stakeholders, barriers to its implementation, and critical success factors. In a
survey conducted by Bynum et al. (2013), perceptions regarding the integration of BIM and
sustainability were investigated. Based on the results of the study, it was highlighted that there
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are interoperability issues between BIM applications, that Green BIM applications are more
suitable for integrated project delivery management, and that Green BIM outputs can be most
effectively utilized in the design process. Olawumi et al. (2018) attempted to identify the
obstacles to sustainability and BIM integration in their research. The main barriers were found
to be the construction industry's resistance to change, difficulties in adopting innovative
technologies, and the lack of understanding of the necessary processes and workflows for
integration by practitioners. In another study, Olawumi and Chan (2018) identified the three
most significant benefits of Green BIM applications as increased project quality and efficiency,
improved building performance and energy consumption simulation capacity, and the ability to
produce better designs due to the ease of creating alternative designs. Wu and Issa (2015)
developed a comprehensive Green BIM process map to facilitate the integration of BIM in
sustainable building projects.

Results

The findings of this study, which conducted a systematic literature review on the topic of "Green
BIM," reveal that the leading countries in this field are China, England, and America. The
authors with the highest number of citations are Daniel W. M. Chan, Timothy O. Olawumi, and
Xiangyu Wang. The bibliometric analysis also indicates that the three most influential studies
on Green BIM are "Application of Life-Cycle Assessment To Early Stage Building Design for
Reduced Embodied Environmental Impacts” (Basbagill et al., 2013), "A Scientometric Review
of Global Research on Sustainability and Sustainable Development™ (Olawumi & Chan, 2018),
and "Enhancing Environmental Sustainability Over Building Life Cycles Through Green BIM:
A Review" (Wong & Zhou, 2015). The results based on co-occurrence data show that the Green
BIM concept has grown in popularity in recent years, with the use of keywords such as
sustainability and BIM integration becoming more common since 2019. Additionally, the study
found that keywords such as facility management, maintenance, digital twin, internet of things,
blockchain, and Industry 4.0 have gained increased visibility in recent years. This suggests that
future research on Green BIM may involve interdisciplinary studies in fields such as
engineering, business, economics, and information technologies, with a focus on facility
management processes and the integration of sustainability and artificial intelligence
technologies. According to the results obtained from the top 20 studies with the highest number
of citations, it is evident that a significant amount of interest is focused on the development of
BIM-based models that facilitate multi-alternative building design to evaluate the
environmental performance of buildings. It is observed that there is a limited number of studies
that address the social dimension of sustainability, compared to the studies that focus on the
environmental and economic dimensions of sustainability. However, there is a scarcity of
studies that integrate all dimensions of sustainability with an integrated approach. With the
increasing use of models that include both the environmental and economic dimensions, the
transition to BIM-supported sustainability applications has begun in the sector, but it has not
yet reached the desired level of use. As a result, the obstacles to Green BIM applications in the
sector and the research studies aimed at overcoming these obstacles have gained momentum in
the last 10 years. There has been a considerable increase in the number of studies that involve
optimization systems and life cycle analyses due to the development of databases that can be
used for these purposes. With the advancements in 10T technology, sustainability studies
regarding the operational processes of buildings, as well as the design and construction
processes, have also gained momentum. It is anticipated that future studies will focus on the
improvement of existing buildings within the scope of sustainability, maintenance and repair
of green buildings, and digital twin and sustainability issues. Additionally, it is believed that
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research on Green BIM studies, where sustainability is discussed in an integrated manner with
its environmental, economic, and social aspects, and Green BIM studies based on infrastructure
projects, will contribute to eliminating the gaps in the literature.

The bibliometric analysis conducted in this study was limited to data extracted from the WOS
database, which covered the period between 2012 and 2022. It is important to note that the
scope of this study is limited to the data available in the WOS database and does not include
any other sources. The main limitations of this research include the fact that the bibliometric
analysis was conducted solely on the basis of citation and co-occurrence data, and the content
analysis was limited to the 20 studies with the highest number of citations. The authors are
currently working on a more comprehensive and integrated review article that will address these
limitations. The findings of this study are expected to provide a basic level of guidance for
research on sustainability and BIM in the construction industry, and to contribute to the
identification of gaps in the literature and the determination of trends.
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Abstract

This research paper presents a comprehensive scientometric analysis and mapping of the
existing literature on Generative Al research fields in the Architecture, Engineering,
Construction and Facility Management (AEC-FM) industry. It begins with an overview of
Generative Al, emphasizing its ability and then discusses the future potentials of Generative Al
applications in the industry. The study employs a tool which uses natural language processing
and text mining techniques to analyse the bibliometric data. Through co-occurrence analysis,
the research delineates the intellectual structure and evolution of Generative Al use in
construction industry. The key fields that have shaped the research area are highlighted as
predictive risk management, LLM integration, automated processes, optimized design, and
learning systems integration. Furthermore, the study reveals challenges, opportunities, and
future prospects according to current research pattern, Finally, it discusses the future potential
of Generative Al to significantly transform the AEC-FM industry.

Keywords: Automation, generative Al, generative design, LLM, predictive management, the
construction industry.

Introduction

The architectural, engineering, construction, and facility management (AEC-FM) industry has
traditionally been characterized by manual processes, high physical labour requirements, and
relatively slow adoption of new technologies compared to other industries. However, the
competitively changing conditions with the introduction of advanced technologies, particularly
Al, which is poised to fundamentally transform how projects are planned, designed, executed,
and managed. Generative Artificial Intelligence (Generative Al), a transformative technology
within artificial intelligence, is adept at creating realistic and diverse content such as text,
images, and audio from substantial datasets derived from digital and non-digital sources.
Historically reliant on rule-based and heuristic methods, such as genetic algorithms and
simulated annealing (Zhang et al., 2022). The field has seen significant evolution due to the
increasing availability of big data and advancements in computational power and hardware.
This evolution has spurred the adoption of deep learning technologies, increasingly focusing
on complex output requirements through structures like the attention mechanism. This
mechanism has particularly enhanced the model's ability to manage long-range dependencies
crucial in handling complex data types like language and imagery, where elements at the start

224


mailto:go291@cam.ac.uk
mailto:ib340@cam.ac.uk
mailto:sk2268@cam.ac.uk

and end of a sequence are interdependent. The introduction of transformer models has further
refined this capability by utilizing weighted relationships between elements during the
generation process, allowing for more nuanced and contextually aware outputs. These
advancements facilitate multifaceted applications, such as optimizing building schedules while
simultaneously testing sustainability performances, and are continuously improved through
iterative refinement by leading tech companies. This ongoing development cycle enhances the
models’ accuracy, coherence, and overall output quality, marking significant progress in the
field of Generative Al.

Research Background

Generative Al, a subset of artificial intelligence focused on creating new content and solutions,
has begun to immerse in the AEC-FM industry as in others. Unlike traditional Al, which
primarily analyzes data, Generative Al can produce new data, predict outcomes, and optimize
processes autonomously. The Generative Al applications can be realized through text-to-text
models (ChatGPT3 and 4, Gemini Pro, LaMDA, PEER, Galactica, Codex, Claude, Jurassic),
text-to-image models (DALL-E2, Parti, IMAGEN, Craiyon), text-to-video/3D models
(Imagen, StyleGAN, Phenaki, Magic3D, CogVideo, Lumiere), text-to-task models (Bard, GPT-
4, LaMDA, Jarvis), image-to-text models (GPT 4, Gemini Pro), image-to-image models
(Pix2Pix), image-to-video models (Stable Video, Diffusion), video-to-text models
(VideoCoCa), video-to-image models(there is no any model), and video-to-video models
(Lumiere, Gen-2). The potential use areas of these models in the AEC-FM activities are
summarized below.

In the design and planning stage, Generative Al can automatically generate multiple design
variations based on specified criteria such as dimensions, budget constraints, and aesthetic
preferences. This not only speeds up the design process but also offers innovative solutions that
might not have been considered. Al-driven tools integrate with BIM models to enhance the
design’s feasibility by assessing constructability issues early in the design phase. Al algorithms
are capable of optimizing the scheduling and allocation of resources, predicting potential
delays, and suggesting corrective actions. This helps in reducing downtime and improving the
efficiency of the construction process. Furthermore, Generative Al can play a significant role
in logistics management, optimizing material procurement and delivery schedules to ensure
timely project execution. Al-driven systems can predict risk scenarios and suggest mitigation
strategies, improving worker safety. Additionally, these systems ensure that designs comply
with current building codes and regulations, which are automatically updated into the AI’s
learning database.

Generative Al holds the promise of transforming the Architecture, Engineering, Construction,
and Facility Management (AEC-FM) industry by enhancing design, construction, and
management processes. This transformation could lead to the creation of more efficient,
sustainable, and innovative environments. The progression of this technology depends on
ongoing advances in Al research, the growing availability of data, and improvements in
computational power. These factors will likely play a critical role in bringing the potential of
Generative Al to improve the AEC-FM activities in the near future. The purpose of Generative
Al in the AEC-FM industry activities can be listed as content generation, data augmentation,
personalization, simulation and modeling, and creative assistance. The potential use cases of
Generative Al in the AEC-FM industry may be design exploration, 3D model generation,
automatic workflow generation, data extraction from models, team management, interior
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design, landscape design, in-building routing, design optimization, structural analysis, layout
orientation alternatives, energy efficient configuration, cost effectiveness, sustainable design,
sequencing, scheduling, resource allocation, predictive maintenance, logistics planning, and
data driven decision making. The research questions about the Generative Al applications in
the AEC-FM industry are listed below:

RQ1: How is the current state of the of Generative Al research in the AEC-FM

industry?
RQ2: What are the challenges in Generative Al applications in the AEC-FM
industry?
RQ3: What are the opportunities in Generative Al applications in the AEC-FM
industry?

RQ4: What are the future prospects in Generative Al applications in the AEC-
FM industry?

Methodology

Scientometric analysis and mapping which allows to empirically analyse the related
bibliometric data. Bibliometric search of publications was performed in Scopus, one of the main
search engines for academic research outputs. The Scopus database covers more journals and
more publications than other sources (Ozturk, 2020; 2021). Scopus uses Boolean syntax for
getting consolidated and relevant results. The keyword co-occurrence analysis was employed
to identify the research fields. Scientometric mapping is a part of a scientometric analysis that
evaluates research tendency and display a research domain’s dynamic and structural aspects
(Xu et al., 2018; Cobo et al., 2011). VOSviewer is a tool that is used for visualizing large
networks via natural language processing algorithms and text mining techniques (Hosseini et
al., 2018). The keywords were clustered by VOS clustering technique and unique clusters color-
coded in Figures 1 and listed in Table 1 alongside their constituent keywords. Higher strength
value shows a stronger link. The number of links between a keyword and other keywords
represents the relatedness between the keywords. Total link strength demonstrates the strength
of the relationship between keywords. Average publication year of the papers in which a
keyword occurs displays the chronology of a keyword’s appearance in the related literature.
The more recent the average year published, the newer the keyword is and so is the research
subject.

Findings and Discussion

The average publication year data shows that the applications in the AEC-FM industry are in a
very immature state (Table 1). However, it is obvious that the AEC-FM industry is experiencing
a transformative shift through the integration of Generative Al, which revolutionizes key
aspects such as design optimization, progress monitoring, and learning systems integrated
immersive environments. Deep learning and machine learning algorithms are used to redefine
industry standards and activities via enhancing Generative Al. This underscores the potent
impact of Al in modernizing and streamlining construction practices.

Generative Al significantly Predictive Risk Management (Figure 1 — Cluster 1) by improving
accident prevention, hazard recognition, and occupational safety. It utilizes predictive modeling
and real-time data analysis from sensors and cameras to foresee and mitigate potential safety
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hazards, optimizing safety protocols and project management processes. This Al-driven
approach not only predicts risky scenarios to prevent accidents but also ensures efficient
resource allocation and scheduling to maintain safety standards. Generative Al facilitates a
safer, more efficient construction environment, directly aligning occupational safety with
enhanced project management strategies by integrating these capabilities.
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Figure 1: The mapping of the Generative Al research fields (colour distinction) and respective
keywords (nodes) in the AEC-FM industry related literature.

LLM-supported Generative Al (Figure 1 — Cluster 2), such as ChatGPT, enhances decision-
making through advanced Natural Language Processing (NLP) and transformer models. These
large language models interpret and generate natural languages, facilitating fine-tuning to
specific industry needs. Stakeholders can interact with Al in conversational formats, receiving
instant data-driven information share and decision support by leveraging chatbots. This
capability enables rapid, informed decision-making across various construction scenarios. The
integration of such technologies ensures that complex data is accessible and actionable,
significantly optimizing planning, execution, and management processes in construction
projects.

Automated Construction Progress Monitoring (Figure 1 — Cluster 3) uses Generative Artificial
Intelligence and mostly Generative Adversarial Networks to enhance the accuracy and
efficiency of tracking project advancements. These Al systems analyze visual data from the
site, facilitating detailed task analysis and automation of progress reporting by leveraging
computer vision. This technology enables virtual assistants to provide real-time updates and
insights, reducing manual oversight and increasing project management efficiency. Through
automation, these advanced Al tools not only streamline the monitoring process but also ensure
that construction schedules are adhered to, thereby optimizing operational workflows and
resource allocation.
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Generative Design for Design Optimization (Figure 1 — Cluster 4) employs Generative Al,
including diffusion models for image generation, to revolutionize architectural design and
optimization. This Al-driven approach integrates with Building Information Modeling (BIM)
to simulate countless design variations, aligning with specific criteria like budget control and
spatial requirements. These systems generate high-quality images and models that propose
innovative and efficient solutions, optimizing the use of materials and space by leveraging
artificial intelligence. This not only enhances the aesthetic and functional aspects of a building
but also ensures that projects adhere closely to predetermined financial constraints, energy
efficiency, and regulatory requirements.

Learning Systems Within Immersive Environments (Figure 1 — Cluster 5) leverage Generative
Al, deep learning, and machine-learning algorithms to enhance training and operational
efficiency. These systems, embedded in virtual reality (VR) platforms or metaverses, simulate
realistic construction scenarios where users can interact and learn in a controlled, yet lifelike
setting. These Al-driven environments adapt and respond to user inputs using advanced
learning algorithms, continuously improving the training modules. By incorporating such
immersive, responsive learning experiences, construction professionals can gain practical
insights and improve their skills in a safe, virtual space, significantly reducing on-site errors
and enhancing overall project efficiency.

Table 1. Generative Al research fields and respective keywords in the AEC-FM industry.

Link Total Occurrence Average
Link Frequency Publication Year
Strength

Cluster 1: Predictive Risk Management (red-coded)
Accident prevention 6 7 2 2024.00
Construction process 13 13 3 2024.00
Hazard recognition 5 6 2 2023.50
Occupational risk 8 8 2 2024.00
Occupational safety 8 8 2 2023.50
Project management 14 18 4 2024.00
Cluster 2: LLM supported Generative Al for Decision Making (green-coded)
Chatbots 11 17 4 2023.25
Chatgpt 20 28 6 2023.50
Decision making 8 8 2 2023.50
Fine tuning 10 11 2 2023.50
Large language model 12 15 3 2023.67
Natural language processing 8 12 2 2023.00
Natural languages 10 14 3 2023.33
Transformer 9 14 3 2023.00
Cluster 3: Automated Construction Progress Monitoring (blue-coded)
Automation 5 5 2 2023.00
Computer vision 10 10 2 2023.50
Generative adversarial networks 8 9 3 2023.33
Generative artificial intelligence 15 18 5 2023.60
Task analysis 7 7 2 2023.00
Virtual assistants 7 7 2 2023.00

Cluster 4: Generative design for design optimization (yellow-coded)
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Architectural design 11 14 4 2023.75
Artificial intelligence 16 23 10 2023.50
Budget control 5 6 2 2024.00
Building information modelling 7 8 2 2024.00
Diffusion model 4 5 2 2023.50
Image generation 4 6 2 2023.50
Cluster 5: Learning Systems within Immersive Environment (purple-coded)

Deep learning 16 20 5 2023.40
Learning algorithms 4 4 2 2023.50
Machine learning 12 19 5 2023.60
Metaverses 7 7 2 2023.50
Virtual reality 6 7 2 2023.00

Challenges

The challenges continue to emerge with the increasing number of Generative Al application in
the AEC-FM industry. The extent of challenges can be classified under five groups (adopted
from Taiwo et al., 2024) as; Technological challenges (model instability, model training,
computing power, accuracy, reliability, explainability, data labelling and annotation,
interoperability); Domain-specific challenges (domain knowledge, data type, lack of datasets,
standards integration, unclear standards and rules, liability, unclear quality parameters, old
protocols); Adoption challenges (resistance to change, lack of skills and expertise, investment
cost, immature organizational and technological infrastructure, old version workflows);
Regulatory challenges (risk management criteria, quality protocols, safety protocols, privacy
requirements, redefined standards and procedures, legal liability); Ethical challenges (data
privacy, data security, potential misuse).

These challenges highlight the complexity and unique considerations that need to be addressed
when implementing Generative Al in construction activities. Overcoming these obstacles will
be crucial for realizing the full potential of Al technologies in transforming the AEC-FM
industry.

Opportunities

Incorporating Generative Al with immersive technologies enhances the visualization and
simulation of designs before construction, improving stakeholder understanding and decision-
making through improving design communication. For construction planning, the technology
can automate the creation of optimized schedules and resource allocation plans, reducing
project timelines and costs which in turn positively effects the project management
performance. Additionally, Generative Al supports autonomous monitoring and control by
analyzing data from image and video recording sources and sensors to detect anomalies and
safety risks on construction sites, thereby improving project management, safety, and quality
control. Generative Al also contributes to lifecycle management and sustainability by
optimizing building operations and maintenance schedules based on real-time and historical
data, which promotes energy efficiency and sustainability. Moreover, Generative Al supported
building models that can continuously learn from the data acquired throughout the building
lifecycle may improve predictive action ability of the Digital Twins.

Most research in the AEC-FM industry uses Generative Adversarial Networks (GANS) due to
their ability to generate realistic data with minimal need for large datasets. Despite challenges
such as training stability and hyperparameter sensitivity, other models like Deep Convolutional
Generative Adversarial Network (DCGAN), Variational Autoencoder (VAE), Conditional
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Variational Autoencoder (CVAE), StyleGAN, CycleGAN, DeepArt, Pix2Pix, Autoencoder
Variational Bayes (VAE), Generative Pre-trained Transformer (GPT) also have potential for
enhancing AEC-FM activities. As Generative Al evolves, it is expected to introduce more
advanced automation, sustainability, and resilience in the industry.

Future Prospects

Generative Al is poised to significantly impact the AEC-FM industry by enhancing various
processes across the industry. The technology facilitates intelligent design assistance, enabling
the generation of optimized design proposals that consider multiple factors such as client
requirements, site constraints, and historical data. Developing Al models that can accurately
extract detailed project information from various construction documents and BIM models.
Techniques to automatically generate feasible building designs based on requirements.
Automatic generation of Digital Twins may lead an augment in lifecycle performance of the
buildings and infrastructures. These methodologic advancements help architects and engineers
make informed decisions, leading to more innovative and efficient solutions for industry needs.
At the urban planning level, Generative Al can produce alternative urban layouts and
transportation systems, improving sustainability and quality of life. Buildings or infrastructures
can communicate through Al assistants (chatbots) with stakeholders about project details,
requirements, operation details, situational information, safety, etc. during construction and
facility management of the entity in order to speed up the decision making. Automatic
generation and comparison of the as-designed and as-built version to monitor construction
progress and evaluate the results for predictive scheduling using visual site data. Enhancing and
effectively managing safety and quality via real-time visual site data engineering.

While there are some studies on the usage of generative Al for construction-related work, there
is a need for more systematic and comprehensive literature that assess the impact of Generative
Al use in the AEC-FM industry (Ozturk and Soygazi, 2024; Ghimire et al., 2024; Buhamdan et
al., 2021). Practical and actionable guidance on implementing and deploying Generative Al
solutions in the AEC-FM industry activities is essential. Generative Al holds significant
promise for transforming the industry by addressing productivity challenges and driving
innovation. However, overcoming domain-specific, technological, adoption, regulatory and
ethical challenges is crucial for the successful adoption and implementation of Generative Al
applications in construction activities for improved productivity, cost savings, communication,
and project management. Addressing these challenges and seizing opportunities can lead to
transformative advancements in the industry.

Limitations

The limitations of this paper include only the perspective on Generative Al applications related
to AEC-FM activities. This focused approach results in missing the innovative implementations
of other industries. In particular, the future research can consider the use cases of Generative
Al in more technologically adopted industries to depict further opportunities for the AEC-FM
industry. There is a limited number of papers on Generative Al in the AEC-FM literature. As
the technology improves rapidly, the literature is growing exponentially, leading to delayed
diagnosis of challenges and outdated commentary. There is a need for collaborating computer
scientists to understand how to overcome the technological challenges and make insightful
contributions to the literature.
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Conclusions

The paper explores the research field of Generative Al applications in the Architecture,
Engineering, Construction, and Facility Management (AEC-FM) industry. The study provides
a comprehensive analysis of existing literature, identifies key research themes, and suggests
promising research directions for the future while referencing limitations. The paper also
emphasizes the importance of addressing domain-specific, technological, adoption, regulatory,
and ethical challenges to ensure the successful implementation of Generative Al solutions in
construction activities, while mentioning the transformative potential of Generative Al in
enhancing productivity, driving innovation, and improving communication and project
management in the AEC-FM industry. Generative Al applications can be benefit with its
contribution to BIM, energy efficiency and sustainability, advanced materials, structural
engineering, architecture, construction automation and robotics, smart cities, resilient
infrastructure, construction management, predictive and proactive project management, risk
management, safety, quality management, and supply chain management. Prospective studies
should consider further benchmarking other industry experiences, developing adoption
strategies, and improvements in overcoming technological challenges.
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Abstract

The concept of resilience has been receiving overwhelming interest from scholars for quite
some time. It has also been occupying a central position on the agenda of built environment
scholars. A closer review of previous research studies in the built environment literature reveals
that the concept of resilience has been predominantly applied to the objects of the built
environment (i.e., buildings, infrastructures, cities), while the resilience of subjects within the
built environment (i.e., individuals, teams, organizations) has remained an underexplored
research area. The research presented herein explores the resilience of subjects within the built
environment. It proposes a conceptual model to evaluate the resilience of construction project
teams. Project team resilience is commonly conceptualized as either a (i) capacity, (ii) process,
or (iii) outcome. The proposed model adopts an integrated approach to explore and develops
a linguistic model to evaluate the resilience of project teams. A hypothetical case is proposed
to illustrate the application and utility of the proposed model.

Keywords: construction industry, evaluation, linguistic variable, model, project teams,
resilience.

Introduction

Research studies on the literature of the resilience concept in the built environment typically
concentrate on objects, such as physical structures. Conversely, studies that prioritize the
subjects within the built environment, emphasizing relationships and organizational levels, are
relatively scarce. Research studies predominantly focusing on objects typically explore the
physical resilience concept at various scales, ranging from buildings to infrastructure, cities,
regions, and countries. In contrast, research studies focusing on subjects aim to probe the
resilience of social actors such as individuals, teams, and organizations. The dearth of studies
focusing on subjects underscores an opportunity to delve into this domain in depth, potentially
unveiling novel avenues. Therefore, this study proposes a conceptual model to assess the
resilience of project teams within the construction industry.
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The concept of resilience is a multidimensional concept that can be explored through the lenses
of capacity, process, and outcome concepts. Evaluating the resilience of project teams is a
challenging issue for scholars but also for practitioners, mainly due to the uncertainty involved
in this process. The research presented herein addresses this challenge by developing an
evaluation model based on Grey Systems Theory. A hypothetical case study is presented to
demonstrate the applicability and utility of the proposed model.

The Concept of Resilience

The concept of resilience, defined as the ability to resist challenges, has been extensively
explored from ancient times to the present day and is currently studied in various disciplines
such as social sciences, psychology, and management (Akbas, 2023). Today, resilience is
explored through the lens of adapting to changing conditions, coping with stress, and managing
crises. Different disciplines in the literature approach this concept in distinct ways (Hassler &
Kohler, 2014). For instance, social systems define it as the ability to withstand external shocks
(Adger, 2001); ecological systems describe it as a measure of persistence and the ability to
absorb change (Walker et al., 2004); disaster risk management highlights it as the ability of
units to mitigate hazards (Bruneau et al., 2003); individual resilience is defined as an
individual's ability to adapt to stress and challenges (Alliger et al., 2015); team resilience is
emphasized as the capacity of a team to overcome challenges to achieve sustained performance
(Alliger et al., 2015), and organizational resilience is the ability to survive in an uncertain
environment (Hatton et al., 2012).

In the context of the built environment, the concept of resilience is often studied due to the
complexity and uncertainty inherent in project processes. Project-level resilience focuses on
developing strategies for adapting to, reducing, and managing uncertainty, as well as being
prepared for the risks, complexity, and uncertainty associated with projects. This contributes to
enhancing the sustainability and success of projects. On the other hand, resilience within the
context of project stakeholders and organizations, focusing on subjects of the built environment,
is examined through the ability of stakeholders and organizations to generate efficient and
effective solutions to challenges. This is attributed to the variability of stakeholders, the
abundance of resources, and the requirement for multidisciplinary expertise in diverse working
areas.

In the built environment literature, research studies predominantly focus on resilience to
disasters. Chmutina and Rose (2018) study disaster risk reduction (DRR) measures. Akbas
(2023) emphasizes the importance of developing strategies in the areas of risk management,
sustainability, planning, infrastructure, social factors, and local governance for disaster-
resistant cities. Bingdl et al. (2020) focus on earthquake-resistant architectural design. Bosher
et al. (2007) discuss 'built-in" resilience against natural disasters by indicating required
principles such as the contribution of new stakeholders, a multidisciplinary view, economical
and legal structure, etc. Wedawatta et al. (2011) investigate the resilience of small and medium-
sized enterprises (SMEs) in the construction sector in the United Kingdom against extreme
weather conditions.

Research studies that focus on the resilience of subjects in the built environment adopt various
unit levels of analysis such as organizational, team, and individual levels. Hassler and Kohler
(2014) emphasize the development and integration of heuristics in resilience assessment,
supported by organizational-level policies. Kruth et al. (2019) point out that risk management-
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focused studies do not address stressors, leading to several barriers such as indeterminate
analytical meaning, event and performance uncertainty, immature regulatory standards setting,
and untested enterprise economics. Sapeciay et al. (2019) focus on several key indicators for
construction organizational resilience assessment, such as leadership, staff engagement,
decision-making, situation awareness, planning strategies, internal resources, proactive posture,
effective partnership, innovation and creativity, unity of purpose, stress testing plan, breaking
silos, and leveraging knowledge. Anderies (2014) discusses the design principles for resilience
by emphasizing the integration of nature and the human-built environment and the required
design principles. Wilkinson (2016) emphasizes the required strategies for the construction
sector, such as government position, education and research, collaboration, adapting to changes,
etc., to increase resilience toward risks, hazards, and uncertainties. Wang and Zhang (2023)
indicate the importance of resources that dominate proactive organizational resilience in
construction, besides institutional factors, and propose a basis for organizational resilience that
focuses on crisis preparedness and recovery efforts to respond to unexpected challenges. For
the team-level resilience studies, Turner et al. (2021) focus on team resilience and explore how
women cope with challenging working environments in the construction sector. Hartwig et al.
(2020) develop a multilevel conceptual model of team resilience, and Grimm et al. (2023) study
the dynamic measurement of team resilience. Finally, for the individual-level resilience studies,
Chen et al. (2017) investigate the relationship between individual resilience and personal
relationships in the workplace among construction workers. As observed, while organizational
resilience is frequently studied in research related to construction, team and individual
resilience have been relatively underexplored in the literature. In this study, team resilience will
be discussed and assessed in the practice of the built environment.

Team resilience has typically been conceptualized over a process, ability, belief, or capacity in
the literature, but it is defined as the team members' ability to overcome adversities and
challenges that affect the targeted success (Stoverink et al., 2020). In general terms, team
resilience can be defined as the ability to withstand and recover from challenges while
maintaining its cohesion and performance levels (Alliger et al., 2015). Resilient teams have
cohesive strategies such as minimizing, managing, and repairing challenges to ensure their
long-term sustainability (Alliger et al., 2015). This resilience is not only about overcoming
challenges but also about learning from them and growing as a result (Stoverink et al., 2020).
Teams face challenges and difficulties in achieving their goals; in here, the term "irresilience"
can be used to signify the inability to demonstrate the expected or desired level of resilience or
resistance due to weaknesses, indicating a collapse in the face of difficulties. Team resilience
is a dynamic process including resistance, bounce back, and recovery interactions among team
members and their environments that reflect the team's response to their performance
(Gucciardi et al., 2018). In conclusion, team resilience is a multifaceted concept crucial for
teams to navigate successfully in complex work environments (Stoverink et al., 2020). It
requires a shared commitment to managing challenges collectively, adapting to changing
circumstances, and fostering a resilient culture that supports continuous growth and
effectiveness (Alliger et al., 2015).

Several models have been proposed to evaluate the resilience of social actors. Hartwig et al.
(2020) propose a conceptual model that integrates individual-level factors, such as team
members' relevant knowledge, abilities, and skills. The proposed model includes three factors:
input, mediator, and outcome. Input encompasses team and individual-level factors such as
transformational leadership, relationships, culture at the team level, and communication skills,
expertise, resilience, and team orientation at the individual level. The mediator comprises team
states such as cohesion, collective efficacy, psychological safety, team identity, mental models,
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and trust, as well as team resilient behaviours such as communication, cooperation,
coordination, and behaviours aimed at minimizing, managing, and mending challenges. Finally,
the outcome encompasses team outcomes such as performance, health, and team functioning,
along with the team's emergent resilience state (Hartwig et al., 2020). Grimm et al. (2023)
conducted two experiments on Human-Autonomy Teams (HATS) operating a simulated
Remotely Piloted Aircraft System (RPAS), correlating dynamical measures of team resilience
with team performance measures. Grimm et al.’s (2023) findings contribute insights to team
collaboration measurement, monitoring, and evaluation strategies. Nemeth et al. (2011)
propose Cognitive Systems Engineering (CSE) methods to comprehend and enhance the
concept of resilience. Harvey et al. (2019) propose an approach for the construction sector,
highlighting the project-based nature, temporary workforce, extensive use of outsourced labour,
and financial pressures as distinctive features. They situated this within the context of High
Reliability Organizing (HRO) and Resilience Engineering (RE) as key concepts in safety
management. Yang and Cheng (2020) investigate the impact of organizational resilience on the
success of construction projects through large-scale construction examples. Their study
emphasizes the need to enhance organizational resilience for project success in the face of
environmental uncertainty, social events, and increasing challenges. They utilize the crisp-set
Qualitative Comparative Analysis (csQCA) method on a literature review and case studies. The
research identifies timely situation monitoring, flexible organizational structure, cohesive
organizational culture, and the participation of multiple subjects as key factors influencing the
success of construction projects. Gucciardi et al. (2018) present a conceptual model for
individual, team, and organizational levels of work team resilience, conceptualizing it as a
multilevel emergent construct. The model includes the inputs (human capital resources,
leadership, norms, mental models), processes (planning, reflection, and coordination), and
outcomes (trajectories of functioning and a shared belief) of team resilience emergence,
offering nine key propositions. Stoverink et al. (2020) present a theoretical model of work team
resilience, emphasizing setbacks as disruptions in team processes and detailing the "bouncing
back process wherein teams, facing setbacks, strategically invest in critical resources to return
to or exceed prior performance levels. They highlight the interdependence of team member
activities and theorize the strengthening of resilience over time through experiences. Wehbe et
al. (2016) analyse safety management and communication networks in the construction industry
using methods such as Social Network Analysis (SNA) and agent-based modelling. Parvin and
Shaw (2011) study on climate disaster resilience and evaluated the city over the Climate
Disaster Resilience Index and the different dimensions of the city, especially its physical, social,
economic, institutional, and natural dimensions using SWOT analysis. Emmanuel and Kriger
(2012) investigate urban heat island and its impact on climate change, considering resilience to
local climate variations, urban growth, historical trend analysis, and pairwise comparisons.
Bingdl et al. (2020) explore earthquake-resistant architectural design using artificial
intelligence, deep learning, and image processing methods to detect irregularities in structural
systems for earthquake resilience. Pefialoza et al. (2020) evaluated the contribution of Safety
Performance Measurement Systems (SPMS) in monitoring and understanding the sources of
complexity and resilience in construction projects. They utilized the Technical, Organizational,
and Environmental (TOE) framework for complexity and the Resilience Assessment Grid
(RAG) for resilience. Their study resulted in the identification of improvement opportunities
for existing SPMS and the emergence of guidelines and a model explaining the connections
between key constructs.

The research constructs emphasized by the above-discussed models focusing on construction
resilience are summarized in the table below:
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Table 1. Research constructs used in construction resilience related studies.

Source Research constructs Focus
Stoverink et e Team potency e  Subject of built environment
al. (2020) e Team mental model of teamwork (SBE)
e Team capacity to improvise
e Team psychological safety
Yang and e Situation monitoring (situation awareness, e SBE
Cheng digital application)
(2020) e Organizational structure (innovation and
creativity, resource redundancy, planning
strategies)
e Organizational culture (effective
partnerships, information disclosure,
organizational cohesion)
e Participants (multiple subjects, public
participation)
Gucciardi et e Inputs (human capital resources, leadership, e SBE
al. (2018) norms, mental models)
e Processes (planning, reflection, and
coordination)
e Outcomes (trajectories of functioning and a
shared belief)
Wehbe et al. e network characteristics and communication e Object of built environment
(2016) pattern (OBE)
e actual safety performance data
Parvin and e Climate Disaster Resilience Index (CDRI) e OBE
Shaw e dimensions (physical, social, economic,
(2011) institutional and natural
Emmanuel, e Local climate variations e OBE
and Kriger e urban growth
(2012) e historical trend analysis
Bingol et al. e Earthquake code of Tirkiye e OBE
2020 e Irregular structural systems
e Regular structural systems
Pefaloza et e Technical, organizational, environmental e OBE
al. (2020) sources
e Resilience potentials: respond, monitor,
learn and anticipate

It is clear from Table 1 that subjects of the built environment (i.e., social actors) exhibit a
complex and multidimensional structure. Therefore, research on the built environment often
requires a variety of research constructs to address the complexity and multidimensionality. On
the other hand, objects of built environment (i.e., constructed facilities) can often be more
specific and concrete. Consequently, research on objects may entail clearer and more specific
research constructs. This situation arises from the fundamental differences between subject and
object in research on the built environment. While subject-oriented research may encompass
topics such as human behaviour, perception, and preferences, object-oriented research may
focus more on elements such as physical properties, design elements, and building materials.
In summary, while the number of studies focusing on the subject of the built environment is
fewer than studies on its objects, there are more research constructs for subjects due to their
complexity and multidimensionality.
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This study presents a model that conceptualizes the resilience of project teams in construction
projects through processes, capacities, and outcomes. It assesses the resilience of project teams
using Grey System Theory.

Linguistic Modelling and Grey System Theory

Linguistic modeling is a discipline employed to comprehend complexity and ambiguity through
various language processing methods. These methods analyze the structure, functioning, and
use of language (Donc & Xu, 2018). Additionally, systems analysis methods are utilized to
address system uncertainties. These methods, such as Fuzzy Logic, Probabilistic Models,
Bayesian Networks, Monte Carlo Simulation, Interval Analysis, Neural Networks, and Grey
System Theory, can be integrated with linguistic modeling to model and analyze intricate
language aspects (Ayyup & Klir, 2006).

Grey System Theory is a theory specifically devised for system analysis and prediction in
situations of uncertainty and limited data (Liu et al., 2011). Unlike other system analysis
methods that involve uncertainty, Grey System Theory possesses the capability to make
meaningful predictions and adapt to dynamic changes. For these reasons, this study will employ
the Grey System Theory approach in the proposed model to assess team resilience, which
encompasses dynamic and complex factors.

Grey System Theory, proposed by Deng, serves as a tool to seek solutions based on partially
known and uncertain information. Grey relational analysis, a method within Grey System
Theory, examines relationships between discrete interval data. The principles of Grey System
Theory are compatible with many business research methods, with numerous studies conducted
in recent years (Cakir, 2008). The concept of grey systems derives its name from the color grey,
symbolizing partially known and partially unknown information. In this context, it provides a
framework for analyzing systems across various fields such as social, economic, agricultural,
industrial, ecological, or biological. Insufficient information may manifest in various forms,
including system components or variables, organization or system limits, and motion behavior
(Liuetal., 2011).

In Grey systems, it is crucial that some information is revealed while some remains hidden.
These systems are categorized into dark systems (completely unknown), white systems (fully
understood), and Grey systems (partially disclosed and partially undisclosed). Unlike black
systems, which do not provide a definite outcome, and white systems, which present a singular
solution, grey systems may yield multiple solutions (Liu et al., 2011).

Three grey-based methods have been studied in the literature, namely the "L1," "GR," and "NG"
methods (Jadidi et al., 2009). The LI method is employed to rank alternatives based on grey
probability rank. GR analysis aims to minimize the maximum distance from the ideal reference
alternative. The NG method selects the most desirable alternative by calculating the weighted
connection between the ideal and negative ideal reference alternatives. While each method
entails unique steps, all focus on solving decision-making problems relying on incomplete
information (Jadidi et al., 2009).

238



Grey — Project Team Resilience Evaluation Model

In this study, the Grey-Team Resilience Evaluation (G-PTRE) model is proposed. This model
uses linguistic terms to assess team resilience in construction projects. In the light of literature
review presented in previous section (Table 3) three main evaluation criteria, namely capacity,
process, and outcome, are used in the proposed model. The concept of capacity includes six
dimensions: (1) ‘ream potency’ refers to the team's belief in the ability to successfully solve
tasks and overcome crises, (2) ‘capacity to improvise ’ assesses the team's flexibility and ability
to quickly adapt to changing conditions and demands (3) ‘psychological safety/trust’ measures
how capable team members feel to express themselves emotionally and intellectually and share
their ideas freely, (4) ‘diversity and inclusion’ consider the contribution of diverse perspectives
to team activities, (5) ‘resource availability and allocation’ evaluates the amount of available
resources and their efficient distribution and (6) ‘7eadership and communication’ evaluates the
effectiveness of team leadership and communication styles in improving collaboration and team
effectiveness. The concept of process includes five dimensions: (1) ‘monitoring (mental and
physical)” involves using sensors to detect potential crises and react quickly to changing
conditions, (2) ‘collaboration and coordination/planning’ evaluates the team's ability to
collectively prepare mechanisms to process projects efficiently and effectively, (3) ‘/earning
and adaptability’ focuses on the team's capacity to learn from past experiences and adapt to
new circumstances, (4) ‘conflict resolution and decision making’ examine the positive
outcomes of effective harmony among team members and (5) ‘feedback and performance
evaluation” promote team development and goal achievement. The concept of outcome
includes five dimensions: (1) ‘project success and performance’ measures the successful
achievement of project objectives, (2) ‘customer satisfaction and stakeholder impact” measure
the success of the team and its capacity to create value for stakeholders, (3) ‘culture’ supports
the organization's crisis management ability and long-term sustainability by assessing the
resilience of the team's culture, (4) ‘‘nnovation and creativity results” evaluate the level of
innovation and creativity in the team's results and (5) ‘ream engagement and satisfaction’
measure the impact of team commitment and motivation.

Table 2. Factors used for assessing team resilience in the literature.

Author(s) | Research Construct Description
Stoverink et | Team potency belief of successfully resolving tasks
al. (2020)
Team mental model members' collective understanding of roles,

responsibilities, and each other's skills and
preferences, enabling seamless
collaboration.

Team capacity to improvise ability to creatively adapt to demands by
drawing on past experiences and knowledge,
requiring both proactive planning and the
spontaneous generation of novel ideas.
Team psychological safety collective understanding within a team that
it is safe to express oneself emotionally and
intellectually, share ideas, and propose new
concepts without fear of judgment or
reprisal.
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Yang and
Cheng
(2020)

Situation monitoring
(situation awareness, digital
application)

organization's continuous use of sensors to
detect potential crises.

Organizational structure
(innovation and creativity,
resource redundancy,
planning strategies)

formal design of roles and management to
regulate work and resources.

Organizational culture
(effective partnerships,
information disclosure,

organizational cohesion)

shared beliefs, behaviours, and values
shaping organizational effectiveness and
resilience, divided into indicators like
partnerships, information sharing, and
cohesion.

Participants (multiple
subjects, public participation)

those involved in activities or projects, such
as construction, disaster recovery, or other
initiatives.

Gucciardi et
al. (2018)

Inputs (human capital
resources, leadership, norms,
mental models)

existing factors related to individuals, team
formation, and the work context that
influence interactions within a team.

Processes (planning,
reflection, and coordination)

mechanisms through which inputs are
combined and transformed into outcomes,
such as coordination among team members.

Outcomes (trajectories of
functioning and a shared
belief)

valued results or consequences of team
interactions directed towards achieving a
common objective, including performance
and commitment.

Table 3. Evaluation criteria for team resilience.

Ci

Capacity
(Cy)

Team potency - belief in successfully resolving tasks; team's ability to
overcome crises and challenges

Capacity to improvise -team's capacity for flexibility and rapid adjustment to
changing conditions and demands

Psychological safety/Trust - enabling members to freely express themselves
emotionally and intellectually and to share ideas

Diversity and inclusivity - contribution of various perspectives to the team
activities

Resource availability and allocation - quantity of available resources and their
efficient distribution

Leadership and communication - team leadership and communication style that
effect collaboration and effectiveness within the team

Process
(C2)

Monitoring (mental and physical) - utilization of sensors to detect potential
crises and ability to rapidly react to changing conditions

Collaboration and coordination/planning - ability to prepare mechanisms
collectively to process projects efficiently and effectively

Learning and Adapting - learning from the past experiences and adopting to the
new circumstances
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Conflict resolution and decision making- affirmative result of effective
adaptation among team member

Feedback and performance evaluation - fostering team development and
processes of achieving goals.

Outcome | Project success and performance -successful achievement of goals
(Cs)

Customer satisfaction and stakeholder impact - measure of team’s success and
value creation capacity

Culture - aresilient culture, supporting the organization's crisis management
ability and long-term sustainability

Innovation and creativity outcomes - team's level of innovativeness and
creativity in outcomes

Team cohesion and satisfaction - impact team commitment and motivation

The basic operators used for the proposed model are as follows (Cakir, 2008):

1- Grey Summation Rule: It is used to calculate the sum of two grey numbers.
?:1 ® = (2?:1 ai,-,Z}l:l bij), Vi=1,..,n (1)

2- Grey Multiplication Rule: It is used to calculate the product of two grey numbers.
Minimum and maximum values are taken from the cross products of grey numbers.

3- Grey Reciprocal Rule: It is used to calculate the inverse of a grey number.

4- Value of grey extent: It is used to make comparison values between objects.
4a- Whitening grey expansion values: It is used to obtain a whitened value for each grey
expansion value.
4b- Vector Operators and Normalization: It is used to process grey expansion values
into a vector. Normalizing the vector is used to determine the weight of each grey
expansion value (Cakir, 2008).

These operators are used to evaluate the relationships between grey numbers and the ability of

grey systems to deal with uncertainty (Cakir, 2008). The primary steps of the proposed model
are as follows:

1- Determination of Evaluation Criteria: It includes determining the criteria (Ci, i=1,...j)
affecting team resilience. A concise literature review suggest that three criteria play an
important role on the resilience of project team (Table 3).

2- Definition of Linguistic Variables: The language variables that will be used to evaluate
importance (Wi) and performance rating (Ri) of each evaluation criterion (Ci, i=1,...3)

should be determined. These variables allow evaluators team members to express their

preferences regarding these factors (Ci, i=1,...3). The linguistic variables used in the
proposed model and their Grey number representation values are presented in Table 3.
3- Constructing the Pairwise Comparison Matrix for Importance Weights (Wi) and
Performance Ratings (Ri): A pairwise comparison matrices of evaluation criteria (Ci,
i=1,...3) are developed (Table 4).

4- Application of Grey Extent Analysis: The Grey extent analysis (Cakir, 2008) is

performed using the pairwise comparison matrices.

5- Determination of Priorities: The Grey priority vectors obtained for each factor are

normalized and the priority order of the factors is determined.
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6- Team Assessment: Priority vectors determine which factors the team should focus on to
improve its resilience. This step is used to identify the team's resilience and areas for
improvement.

7- Determining the Results — Resilience Score (RS): The action plans to be taken to increase
the resilience of the team are determined. These action plans may include strategies to
highlight the team's resilience and improve its weaknesses.

Implementation of G-PTRE Model

Project team resilience will be evaluated through a hypothetical numerical example. The
pairwise comparison matrices for importance weights (Wi) and performance ratings (Ri) for
evaluation criteria (Ci, i=1,..3) are constructed by an expert (i.e., capacity (C1), process (Cz) and
outcome (C3)). The linguistic variables used for measuring the importance weights (Wi) and
performance ratings (Ri, i=1,...3) of resilience evaluation criteria are presented in Table 3.
Table 4 presents pairwise comparison matrices for importance weights (W) and performance
ratings (Ri, i=1,...3).

Table 4. Linguistic variables for measuring importance weights (Wi) and performance ratings

(Ri).
Wi Ri Grey Values
Very Weak Importance WVI | Very low VL 0.33 0.50
Low Importance LI |Low L 0.50 1.00
Equal Importance El | Moderate M 1.00 1.00
Strong Importance SI | High H 1.00 2.00
Very Strong Importance VSI | Very High VH 2.00 3.00

Table 5. Pairwise comparison matrices for importance weights (W;) and performance ratings

(Ri).

W, Ri
Wi | We | Ws R: R» R3
Wi El | VSI| EI |R; M VH |L
W, WVI| EI Sl |R; VL
W3 El LI El |Rs H L M

T

The pairwise matrices are used to facilitate the grey extent analysis. Table 6 presents the
implementation steps of the proposed model — (i.e., Grey summation, value of grey extends,
whitenization and normalization of vector).
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Table 6. The implementation steps and results of grey extend analysis.

Grey summation for Wi and R;

Grey extent values for Wi and R

n nooon -1
@ v-Ye(33e)
=1 =1 j=1

i-’/)”— (i”"'ih“) Vi=1 ....n
i=1 =1 j=1
ai Db
Wi 3.00 4.00
W, 2.33 3.50
Ws 2.50 3.00
R: 3.33 4.50
R, 2.33 3.50
Rs 2.50 4.00

i ¥j
Wi 0.29 0.51
W> 0.22 0.45
Ws 0.24 0.38
Ry 0.27 0.55
Rz 0.19 0.43
R3 0.21 0.49

©)

Whitenizations of the grey extent values

Performance Ratings (ri)

Normalizing Importance Weights (yi)and

p(by;
4 P = % (5a) and
p(7) = minmjec{Pr (1> 7)) @ ey (5b)
‘r'. —_—,—
! z:?=1 Py
P(Vi) min Normalized Values
p(W,) 0.74 (i and ri)
p(W.,) 0.26 o1 0.65
p(Ws) 0.15 ®2 0.22
p(R1) 0.70 ®3 0.13
P(R2) 0.18 r 0.60
p(Rs) 0.30 Iy 0.15
I3 0.25
Evaluation Score
n
RS = Z Wi *T; (6)
i=1
Si
C: 0.39
C 0.03
Cs 0.03
Resilience Score (RS) 0.45

The results of the hypothetical case indicate that capacity (C1) carries the highest importance
weight (03=0.65), while outcome (C3) has the lowest importance weight (03=0.13). It is
evident from the hypothetical evaluation model results that the process (r.=0.15) and outcome
(rs=0.25) performances of the project team should be improved to increase the resilience score.
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Conclusion

The proposed G-PTRE Model effectively evaluates project team resilience. Its results offer
valuable insights to project managers and stakeholders for assessing and enhancing the
resilience level of project teams. This model will serve as a valuable tool for researchers,
managers, and practitioners interested in project management and team performance in the
construction industry. Additionally, the G-PTRE model will aid in identifying action plans and
strategies to bolster the resilience of project teams. Testing this model with real data in future
studies will contribute significantly to advancements in the field.
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Abstract

In the dynamic urban fabric of Istanbul, the concept of adaptive reuse has gained significant
attention as a sustainable approach to urban development. While the physical transformation
of historic structures through adaptive reuse projects has been widely discussed, the socio-
spatial implications of such initiatives of resilience, capacity building for local communities,
well-being, and livability remain relatively understudied by the stakeholders. This study aims
to examine the multifaceted dynamics of social resilience within the context of adaptive reuse
projects in Istanbul, Turkey. By exploring the social dynamics surrounding these adaptive reuse
projects, this research intends to shed light on the evolving narratives of communities’ social
resilience and socio-cultural sustainability within the rapidly transforming urban landscape of
Istanbul. This research contributes to the discourse on sustainable and socially resilient urban
development by emphasizing the significance of fostering community engagement as an integral
component of adaptive reuse initiatives that are involved in the preservation of cultural heritage
and the sustainable revitalization of urban spaces.

Keywords: adaptive reuse projects, capacity building, community engagement, empowerment,
socio-spatial sustainability.

Introduction

In the ever-expanding landscape of urbanization worldwide, the fusion of urban resilience and
sustainability emerges as a critical focal point demanding our immediate attention. This paper
explores the dynamic relationship between urban resilience and sustainability, specifically
focusing on the role of social resilience within adaptive reuse spaces. Adaptive reuse, a
sustainable practice that repurposes existing structures, offers a unique lens through which to
examine the intertwined concepts of urban resilience and sustainability. By investigating the
social dimensions of adaptive reuse spaces, this paper aims to contribute to a holistic
understanding of how urban environments can foster resilience while promoting sustainable
development. The increasing pace of urbanization has spurred a growing interest in creating
cities that are not only sustainable but also resilient to various challenges. Urban resilience and
sustainability, though distinct concepts share common ground in fostering cities that can
withstand stresses while maintaining social, economical, and ecological balance. This paper
aims to explore the synergies between specifically two concepts, with a particular emphasis on
the social dimensions within the context of adaptive reuse spaces. Urban resilience and
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sustainability have a symbiotic relationship. Urban resilience encompasses the capacity of cities
to adapt, recover, and transform in the face of disturbances. Sustainability, on the other hand,
focuses on meeting the needs of the present without compromising the ability of future
generations to meet their own needs. Together, these concepts create an interrelation, as resilient
cities are better equipped to sustain themselves in the long term. This section will delve into the
interconnections between urban resilience and sustainability, emphasizing the importance of a
comprehensive approach to urban development through adaptive reuse projects.

In this study, we would like to point out the interrelation of architectural preservation practice
with responsible and prudential urban regeneration. Adaptive reuse involves repurposing
existing structures for new functionalities, minimizing environmental impact, and preserving
cultural heritage. The adaptive reuse of structures contributes to sustainable urban development
by maximizing the use of existing resources. Moreover, this study explores the sustainable
aspects of adaptive reuse, including the preservation of historical identity and urban memory
and its social dimensions. The social fabric of urban communities plays a crucial role in building
resilience. Adaptive reuse spaces, by their nature, engage local communities, fostering a sense
of place and identity. This study investigates how adaptive reuse projects can enhance social
resilience through community engagement, inclusivity, and the creation of vibrant, multi-
functional spaces that adapt to the evolving needs of diverse populations. While the integration
of urban resilience, sustainability, and social resilience in adaptive reuse spaces presents
immense opportunities, it also comes with challenges. In conclusion, this paper underscores the
importance of integrating urban resilience and sustainability, with a specific focus on social
resilience in adaptive reuse spaces. By understanding and harnessing the synergies between
these concepts, cities can aspire to create environments that are not only sustainable and
resilient but also socially inclusive and adaptive to the ever-changing needs of their inhabitants.
This holistic approach is essential for shaping urban spaces that thrive in the face of uncertainty
while fostering a sense of community and belonging. As a case study, we examined ten
completed adaptive reuse projects that were accomplished in Istanbul, Turkey. Those case
studies illustrate the interplay of the socio-spatial dimension of urban resilience. Drawing on
real-world examples, this section analyzes case studies that exemplify the intricate relationship
between urban resilience, sustainability, and social resilience in adaptive reuse spaces.
Examining successful projects will provide insights into the practical implementation of these
concepts and offer lessons for future urban development.

Literature Review

Resilience is a concept that is addressed by different disciplines and is fundamentally linked to
sustainability. It first entered the literature in the 1970s with the ‘ecological system’ research
of Holling (1973). According to this study, a resistant system can repair itself, return to its
previous state, or maintain its current state against the dangers and disruptions it encounters. In
this context, Holling matches resilience with the concept of durability, constancy, and stability.
However, in the following studies related to social systems (Folke et al., 2010) the concept of
resilience was discussed more in connection with the definitions of flexibility and adaptability.
According to this study, the characteristics of a resistant system are adapting to the dangers,
finding balance, being flexible, and adapting to the new order. Eventually, it can be said that
the system can become more resilient when it adapts to the new order and provides flexibility,
rather than insisting on preserving its old state against the disruption it encounters. Resilience
is generally considered the capacity to tolerate, absorb, cope with, and adjust to changing social
or environmental conditions while retaining key elements of structure, function, and identity.
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The social dimensions of resilience are vital to understanding the impacts of environmental
changes, such as climate change, on social-ecological systems. Resilience has become a central
concept in the field of architecture and the built environment due to the increasing frequency
and severity of natural disasters, coupled with the challenges posed by climate change,
urbanization, and social dynamics (Cutter et al., 2014). On the other hand, the concept of
resilience in the built environment has gained significant attention, particularly when viewed
through the lens of sustainable materials. This perspective highlights the critical role of
materials in enhancing the ability of structures and urban spaces to withstand disturbances and
contribute to long-term sustainability.

Physical resilience involves the ability of structures and infrastructure to withstand shocks and
stresses, such as earthquakes, hurricanes, and flooding (Bozza et al., 2017). Chelleri et al.
(2012) argue that social resilience involves the adaptive capacity of communities to cope with
and recover from disruptions. This involves examining social networks, community cohesion,
and inclusivity as crucial components of urban resilience. Spatial factors play a pivotal role in
urban resilience. These include the use of sustainable and resilient materials, innovative
construction techniques, energy-efficient design, and the integration of smart technologies
(Ratti & Townsend, 2011). Social resilience pertains to the capacity of communities to adapt
and bounce back from disruptions, while ecological resilience concerns the sustainability and
adaptability of natural systems within urban environments. Researchers and practitioners have
outlined several principles of resilient design, emphasizing flexibility, redundancy, and
adaptability (Pelling, 2003). These principles stress the importance of designing buildings and
cities that can function under changing conditions, accommodating evolving needs and
technological advancements. Additionally, urban planning and zoning regulations play a crucial
role in promoting resilience by encouraging mixed land uses, protecting green spaces, and
ensuring robust transportation networks (Iwaro & Mwasha, 2010). Numerous case studies in
the literature provide real-world examples of resilient architecture and urban design, and these
case studies often focus on projects that have successfully integrated resilience principles into
their designs, such as flood-resistant buildings, resilient infrastructure, and disaster-resilient
communities. Examining these cases offers valuable insights into the practical application of
resilience concepts. While the concept of resilience is gaining traction in architecture and the
built environment, there are several challenges and barriers to its widespread adoption. These
include financial constraints, regulatory hurdles, lack of awareness, and the need for
interdisciplinary collaboration between architects, engineers, urban planners, and policymakers
(World Bank, 2016; United Nations, 2015). The literature on resilience in architecture and the
built environment underscores the importance of designing structures and cities that can
withstand and recover from various challenges.

Case Study Outcomes

According to The OECD report (2014), the concept of resilience is discussed in four
dimensions: environment, economy, society, and governance. Therefore, it is applied as a
categorization that can be used for the urban resilience analysis scale for this study.

In Table 1, the documentation of the ten successfully completed adaptive reuse projects in
Istanbul is shown. The outcomes of those projects will be discussed in the next section of this

paper.
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Table 1. Case studies are explained in this table with categories and references.

Category 1: Cateqory 4:
Environment Governance Result
. Adaptive
Project Location Esz\é't?ss Reuse % zl 2 | B
Function - = o i PE 5.| &
£l S8l f | 8L 23| 82| 5, | 2k
£g| 83| = | 88| s2| 28| 2s| 8¢
S3| S&)| & £5| S| 5G| 53| £8
Built as Coworking ’ E%Ifeym:wacgewm e
Casa Botter istiklal Street, | residential - space, arts & :
1 (public owner) Bevoshu complex and cultural - + + + .
p yog fashion house center
(1900) (2023) . acts
Built as metro b
. R e Policy Frameworks and
station (1874) Coworking Governance
) Operated as an space, *
) Metrohan Istiklal Street, administration library, arts _ + + + |-
(public owner) Beyoglu office for & cultural ) c
public center : ffcl';?s\i’lfiﬁeys'g” and
transportation (2023) * Socio-Economic Impact
(1914) ell-being
Bu”t asa Arts, cultural . Eool\i/ceym;acr:eworks and
Gazhane Hasanpasa asworks to center and .
3 : Street, g technology + + + +
(public owner) M produce coal .
Kadikoy gas (1892) museum
e S conomic Impacts
(2021) and —Jw:m; pect
e Policy Frameworks and
Governance
i . < Builtas a .
. | Moda Iskelesi Caferaga ship pier lerlary and _ + + + |-
(public owner) | Street, Kadikoy (1917) Café (2022) P
Accessibilit
Built as . éolicy Frameworks and
residential Library. arts L Covermance
Kadiyoran complex .
Tas Mektep & cultural .
5 b Street, (1870) - ar ar +
(public owner) g center
Buyukada Operated asa e Inclusive Design and
primary school (2024) Accessibility
®  S0c! nomic Impact:
(1922) and Well-being
e Policy Frameworks and
Governance
Library, arts .
Salp Galata Bankalar Built as a Bank & cultural .
6 | (private Street, - qr - -
owner) Beyoglu (1892) center Inclusive Design and
Yo§! (2011) Accessibility ¢
e Soc omic Impacts
and \‘“/eH—Jvlmg‘ e
e Policy Frameworks and
Governance
Sakip Sabanci Built as Art Museum .
L Sakip Sabanct : ;
;| Muzesi Street residential & cultural _ + _ _ .
(private Emirga{n complex center Inclusive Design and
owner) (1927) (2002) Accessbilty
. o acts
Bomontiada Silahgor Builtas a Sc(l)ﬁ:SIer
8 | (private Street, beer factory center - + - - *
owner) Sisli (1927) (2018) .
Eeykoz Siireyya {lmen Built as a Art & o Inclusive Design and
undura cultural Accessibility
9 . Street, shoe factory - ar - - Economic Impacts
(private Beykoz (1800) center * iweong
owner) y (2004) e
Built as an . .
Fisekhane Kennedy explosive Sc(l)ﬁislr;
10 | (private Street, manufacture = + = = |+ Inclusive Design and
N center Accessibility
owner) Zeytinburnu complex (2020) . s onomic Impacts
(1840) ell-being
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Discussion

Based on the breakdown presented in Table 1 of the case study analysis, it is evident that the
applied projects have resulted in socially resilient adaptive reuse initiatives that effectively met
their objectives both in structural, functional, and social perspectives. Substantial evidence
supports the majority of positive outcomes observed across the four categories during the
implementation and subsequent operation of these projects upon their completion. Moreover,
the interpretation of the key social factors outlined earlier is consolidated, indicating a positive
impact on community well-being and empowerment across all projects. Consequently, it can
be inferred that these initiatives serve as exemplary instances of capacity-building for the
communities, contributing to their socio-spatial, and socio-economic resilience. The list above
showcases diverse perspectives and interdisciplinary approaches that contribute to a
comprehensive understanding of the complex interplay between adaptive reuse projects and
social resilience.

1. Policy Frameworks and Governance: Mérai et al. (2022) underscore the importance of
robust policy frameworks and effective governance structures in promoting the successful
implementation of adaptive reuse projects. Their research emphasizes the need for
comprehensive policy interventions that prioritize the preservation of cultural heritage,
community well-being, and sustainable urban development, fostering a conducive environment
for 