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Preface

Welcome to the proceedings of the 2nd Eurasian BIM Forum (EBF 2021), held virtu-
ally during November 11–12, 2021. Building information modeling (BIM) is rapidly
changing the architecture, engineering and construction (AEC) industry as the catalyst
for more integrated, sustainable, and efficient processes. This paradigm change leads
to knowledge-based economies in AEC which open new trajectories for industry-wide
transformation. BIM is a process, method, and technology but, more importantly, it is
now the new common language of the AEC industry across all disciplines. Keeping
pace with these developments, the BIM paradigm also evolves with new possibilities
and novel approaches.

Grounded on these premises, this book focuses on providing a comprehensive viewof
BIMbyconcentrating on the current theoretical andpractical aspects of the subjectmatter
with four thematically organized parts. The chapters in the first part elaborate on the
adoption of BIM in the AEC industry. Chapters include well-articulated survey studies,
BIM use in specific phases in architectural design, and novel BIM uses coupled with
machine learning methods. The second part of the book emphasizes the role of BIM in
project management. It covers subjects such as BIM-enabled supply chain management,
value engineering, risk management, and automated code checking through customized
BIM frameworks. The third part is about BIM and current educational practices, where
issues related to the role of BIM in architectural and engineering education are discussed.
The fourth part of the book covers novel viewpoints on specific implementations of BIM
methods such as heritage BIM (HBIM), kinetic architecture, building energy modeling,
and smart city applications.

EBF 2021 received a total of 27 submissions. Each paper was reviewed by at least 3
members of the Scientific ProgramCommittee in a single-blind review process, resulting
in the selection of 17 submissions for presentation and 12 of which for publication in
this proceedings (an acceptance rate of 44%). We hope that readers will find this book
useful for exchanging theoretical and practical knowledge and experience on the novel
developments in BIMmethods and technologies, as well as BIM-based information and
project management approaches.

We conclude this preface by thanking the many people who contributed their time
and efforts to EBF 2021 and made this publication possible. We also thank all the
organizations that supported the event. We thank Istanbul Technical University and
Mimar Sinan Fine Arts University which co-organized EBF 2021.We extend our sincere
gratitude to the members of the Scientific Program Committee and Steering Committee,
all the special session chairs, and the reviewers who invested their time generously to
ensure the timely review of the submitted manuscripts. Finally, we would like to thank
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our family members for their support during the editing process and for the positive
energy they have brought into our lives.

June 2022 Ozan Önder Özener
Salih Ofluoglu
Umit Isikdag
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BIM Education

BIM Integration in Architectural Education: Where Do We Stand? . . . . . . . . . . . 101
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BIM Adoption and Design Process



Identifying Factors Limiting the Prevalent Use
of BIM Technology in the Turkish Construction

Industry

Seda Tan and Gülden Gümüşburun Ayalp(B)

Department of Architecture, Hasan Kalyoncu University, Gaziantep, Turkey
seda.tan@std.hku.edu.tr, gulden.ayalp@hku.edu.tr

Abstract. BIM can be defined in many ways such as system, approach, method,
process, and information model. BIM technology has been adopted and used
worldwide in recent years and continues to become widespread with its mul-
tidimensional approach and implementation possibilities. Despite the well-
documented advantages of BIM, the use and adoption levels stay at limited levels
in Turkey compared to its counter partners. The objective of this study is to iden-
tify the factors currently affecting the pervasive use of BIM in the Turkish AEC
industry. For this purpose, an extensive survey study was conducted among the
architects and engineers working in the Turkish AEC Industry. Reliability anal-
ysis, the index of relative importance (IRI) and exploratory factor analysis were
madewith the collected data using SPSS v. 22.0 statistical software. Findings from
the study indicate the existence of eight factors affecting the prevalent use of BIM
technology in the Turkish AEC industry.

Keywords: Building Information Modeling (BIM) · BIM technology adoption ·
Turkish AEC industry

1 Introduction

The Architecture/Engineering and Construction (AEC) industry faces new challenges
in the last decade and this requires continuous change and technological advancements
to ensure efficient time and cost management. These developments in construction tech-
nology and digital design tools underlined the process of transformation and changed the
business models from past to present. Initial development began with the development
of Computer-Aided Design (CAD) programs. In line with the requirements and to meet
the expectations of the AEC industry, the theoretical premises of Building Information
Modeling (BIM) began to realize and became extremely popular among AEC industry
stakeholders. From a conceptual standpoint, it is possible to define BIM in many ways
such as system, approach, method, process and an electronic information model. Gen-
erally, BIM encompasses the entire life cycle of a building, from the design phase to the
construction and management phase [1]; It can be defined as a comprehensive method-
ology that provides effective data management as well as sharing information with the

© Springer Nature Switzerland AG 2022
O. Ö. Özener et al. (Eds.): EBF 2021, CCIS 1627, pp. 3–18, 2022.
https://doi.org/10.1007/978-3-031-16895-6_1
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use of three-dimensional digital models and connected database [2], and an adequate
technology to create and process information during the whole building lifecycle.

There are various studies in the literature concerning the increasing adoption and
use of BIM in the AEC [3], particularly in North America, Europe and developed con-
struction markets since the early 2000s [4]. However, studies regarding the use of BIM
technology in the Turkish construction industry are limited. Previous studies focusing
on the Turkish construction industry have identified the stakeholders’ awareness levels
about BIM implementation [5], primary challenges of BIM implementation in mega
construction projects [6], the relationship between facility management and BIM use
[7], critical success factors of BIM implementation [8], lean interactions resulting from
BIM processes [9]. When the former studies on BIM technology are investigated, the
method along with the case study; it can be seen analyzes are made according to the
percentage, frequency and average values of the data obtained only by the survey or
discussion method [10–16]. In addition, there are available studies that variables affect-
ing the success in the use of BIM were determined and factor analysis was applied
to the variables [15] and identified the factors affecting of BIM effectiveness [17] and
determined the factors of BIM challenges and preventatives in the Turkish transporta-
tion infrastructure industry [18]. Despite the significance of this issue, the number of
previous studies regarding BIM in the Turkish AEC industry lags underlying the factors
hindering the common use of BIM implementation in construction firms from a different
aspect and also lags in ranking based on their importance. Therefore, there is a gap in the
literature on BIM research that identifies the factors limiting the BIM implementation
from several perspectives.

To fill this gap in the literature, the main objectives of the current study are four-
fold: (1) to determine causes/obstacles affecting the BIM implementation from several
perspectives (practice, organization, awareness, and education), (2) to identify the most
important and the least important causes affecting the use of BIM technology (3) under-
lying the factors limiting the common use of BIM in the Turkish AEC industry, and (4)
ranking the determined factors according to this importance.

2 Identifying the Potential Causes of Factors that Affect
the Extensive Use of BIM Technology

Before the identification of underlying factors affecting the extensive use of BIM tech-
nology in the Turkish AEC industry, it is important to define the key sources of reasons
that may cause this negative effect. Within this framework, a set of topics were selected
to organize the literature survey and interpretation as (1) BIM practices in the transition
to BIM use, (2) BIM awareness in the adoption and use of BIM, (3) organizational-based
and (4) BIM education-related obstacles/causes. The conducted literature review yielded
46 possible causes that have been identified for BIM use. The identified causes and the
summary of the relevant literature are given in Table 1 with references.
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Table 1. Causes/obstacles affecting the extensive use of BIM technology.

Causes/obstacles Code of
causes

Causes Sources

Obstacles related to
BIM practices

P1 Thought of increasing design duration
and cost

[19–22]

P2 The thought that workflow,
productivity, and efficiency will be
affected in the transition to BIM
technology

[20, 23–25]

P3 Reluctancy of abandoning the
traditional project delivery system

[26–29]

P4 Lack of government support for BIM
technology/lack of obligations with
current legal legislation

[25, 30–35]

P5 Lack of government-led initiatives to
promote BIM technology

[31–34, 36–39]

P6 Stakeholders/companies and
subcontractors with have little or no
use of BIM

[21, 27, 36, 38]

P7 Poor knowledge sharing among
stakeholders

[20, 25, 29, 36,
38, 40, 41]

P8 Requires the participation,
coordination, and control of the
project stakeholders in the project at
the design stage

[3, 20, 21, 25,
27, 29, 35, 38,
39, 42, 43, 50]

P9 Difficulty of learning BIM-software [38, 39]

P10 License problem of BIM-software
tools

[40, 44, 45]

P11 Possibility of data loss during file
transfer between different BIM-based
programs

[25, 35, 42]

P12 Increased workload due to BIM
library preparation at the beginning of
the project

[25, 36, 39]

P13 Possibility of difficulties in version
control due to model updates

[20, 25, 35, 39,
42, 45, 46]

Obstacles related to
BIM awareness

A1 Unknowns of design, schedule, and
budget data during the design stage
with the BIM

[20–22, 29,
38, 42]

A2 Unknowns of quality, schedule, and
cost data during the construction
stage with BIM

[20–22,
29, 38]

(continued)
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Table 1. (continued)

Causes/obstacles Code of
causes

Causes Sources

A3 Unknown accessibility of
performance, usability, and financial
data during the management stage
with BIM

[20, 29, 38, 44]

A4 Unknown that alternative design
options can be analyzed, and the most
suitable project can be selected with
BIM

[21, 38, 39,
47–50]

A5 Lack of knowledge about effective
scheduling and cost estimation

[19, 20, 38,
39, 49]

A6 Lack of knowledge about clash
detection

[20, 22, 38, 39]

A7 Not being aware of possibility for
quick and easy intervention

[20, 29, 38, 42]

A8 Lack of knowledge about file format
sufficiency

[25, 29, 40, 44]

A9 Lack of knowledge about simulation
possibility

[21, 51, 52]

Obstacles related to
organization

O1 Lack of support for the use of BIM at
top and mid management levels

[25, 35, 36, 38,
39, 41, 49, 53–55]

O2 Not to be included in competitive
construction environment

[21, 38, 56, 57]

O3 Lack of BIM-capable workforce [21, 25, 28, 33,
35, 38, 39, 41,
46, 58, 59]

O4 Additional expenditures of
consultancy required for the use of
BIM

[3, 35, 40–42,
44, 58–60]

O5 Seeing/considering the need for BIM
training for personnel within
organization as an extra expenditure
and waste of time

[25, 36, 38, 39]

O6 Increased initial investments
(software, hardware, training) and
inadequate financial resources of the
organization for the transition to BIM

[25, 27, 38,
39, 42]

O7 Probability that the investment made
for the transition to BIM technology
cannot respond the expected
economic impact (return of
investment)

[23, 36, 61]

(continued)
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Table 1. (continued)

Causes/obstacles Code of
causes

Causes Sources

O8 Requirement of individual and group
motivation from top management to
the lowest level employee for BIM
adoption

[23, 38, 55]

O9 Difficulty of personnel adoption [29, 62]

O10 Lack of Client’s/user’s knowledge on
BIM and demand

[28, 34, 36–38,
54, 57–61]

O11 Need for significant organizational
structure change (size of the
organization type, structure, culture,
etc.)

[21, 27, 38, 42]

O12 BIM use/new business model causing
a change in the decision mechanisms
and workload distribution

[27, 46, 62]

O13 Lack of time for learning due to the
nature of the industry

[29]

O14 Fail to implement immediately after
BIM trainings

[20, 27, 29,
37, 43, 54]

O15 Legal disputes, software updates and
require additional funds for other
expenses

[25, 34, 35, 38, 42]

O16 Rising the workload with data transfer
after the transition to BIM technology

[25, 35, 42]

O17 Lack of organization’s BIM project
experience and the possibility of
negative consequences

[2, 25, 35, 36,
38, 39, 42, 50]

O18 Desire to switch to BIM technology,
however, the lack of/low number of
units to provide consultancy or
training on this subject

[22, 27, 32, 33,
50, 61]

Obstacles related to
BIM education

E1 Lack of BIM related courses at higher
education

[2, 63]

E2 Lack of faculty members who have
knowledge of BIM
applications/technology in
universities

[22, 40, 46]

E3 Lack of professional chambers’
informative activities presenting the
differentiation between traditional
and BIM project delivery systems

[64]

(continued)
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Table 1. (continued)

Causes/obstacles Code of
causes

Causes Sources

E4 Lack of informative documents for
BIM implementation provided by
government and professional
chambers

[22, 27, 40]

E5 Lack of resources in Turkish [13]

E6 Lack of training opportunities [13]

P: Practices, A: Awareness, O: Organization, E: Education.

3 Research Methodology and Material

The current study employed a quantitative research design to identify and assess the
main factors affecting the extensive use of BIM The research followed a multistage
methodological framework consisting of the determination of causes comprising the
affecting factors, design of a questionnaire, data collection and statistical analysis of the
collected data.

Determination of the causes that will comprise the factors is the first stage of the
current research. As a result of a comprehensive literature review, 46 possible causes
were identified that directly related to the use of BIM, 13 related to BIM practices, 9
related to BIM awareness, 18 related to organization and 6 related to BIM education.

Based on a review of former studies on this subject, a questionnaire was composed
and conducted with architects and engineers working in architectural offices and con-
struction companies in Turkey that do not use BIM in their firms. The questionnaire
consisted of 15 questions of which are two open-ended and 13 closed-ended question
types. The first five questions of the questionnaire included questions to identify the
participants’ level of BIM knowledge, BIM awareness and their thoughts on BIM use
in the industry. Four out of the 15 questions constitute main parts of BIM practices with
13 causes, BIM awareness with 9 causes, organizational structure with 18 causes and
BIM education with 6 causes of the questionnaire that comprise a total of 46 causes
using a 5-point Likert scale. In the last part of the questionnaire, socio-demographic
questions (gender, education level, profession, sectoral experience, sector served, types
of projects, the number of technical personnel in the company, city where lived/worked)
were asked to determine the demographic characteristics of the participants.

The questionnaires were sent to 600 people via e-mail, consisting of architects and
engineers from 07.07.2020 to 14.11.2020. A total of 152 questionnaires were returned
and 11 of them were dismissed due to missing data. Finally, 141 completely completed
were used as the material of the current study representing a response rate of 25.3%.

To determine the internal consistency among questions using a Likert scale in a
survey, reliability should be measured [65]. To determine the internal consistency of
questions based on participants’ perceptions on the Likert scale, a reliability analysis
was conducted on the 46 possible causes in the questionnaire.
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The index of relative importance (IRI) was determined by taking into consideration
the participants’ responses based on the obstacles that affect the extensive use of BIM
technology. The IRI is calculated as follows [66]:

IRIk(%) = 5(n5)+ 4(n4)+ 3(n3)+ 2(n2)+ n1
5(n5 + n4 + n3 + n2 + n1)

× 100

where IRIk (%) represents the perception of obstacles and is evaluated individually
for regarding data (k) of respondents. The overall IRI for each impact considering all
participants was determined for all sets of the effect levels using the weighted average
of the IRIk, as follows [67]:

Overall IRI(%) =
∑k = 5

k = 1(k × IRIk)
∑k = 5

k = 1 k
× 100

where Overall IRI (%) represents the total weighted average percentage of the IRI for
each obstacle.

Explanatory factor analysis (EFA), which is used to determine the complex relation-
ships between the items and group items that are part of the composite concepts, and
where no preliminary any assumptions are made about the relationships between the
factors [68], is a technique in factor analysis [69] which the main purpose is to define
the basic relationships between the measured variables. For the main purpose of the
study, explanatory factor analysis was carried out to determine the factors affecting the
prevalent use of BIM technology in the Turkish construction industry.

4 Research Findings and Discussion

4.1 Research Findings

The data obtained by the questionnaire applied to the determined sample group were
analyzed with statistical methods. Within the scope of the research, reliability analy-
sis, index of relative importance (IRI) and explanatory factor analysis were performed.
Firstly, reliability analysis was conducted on 46 possible causes in the questionnaire and
to the question about the level of use of BIM technology in the Turkish construction
industry. Cronbach’s Alpha coefficient was used as the “Internal Consistency Method”
to measure the reliability of the scale in perception-based questions. As a result of the
reliability analysis, Cronbach’s Alpha Coefficient takes values between “0” and “1”. If
the Cronbach’s Alpha Coefficient is less than 0.50, reliable unaccepted; If it is over 0.70
acceptable; If it is over 0.90, it means that the internal consistency is excellent [70].
Cronbach’s Alpha Coefficient for this study was determined as α = 0.961. According to
this obtained value, the questionnaire is highly reliable.

IRI analysis was conducted to rank the relative importance of each obstacle, as shown
in Table 2.While the most important obstacle was “lack of BIM related courses in higher
education”, the least important obstacle was the “thought of increasing design duration
and cost”.

To realize one of the main objectives of this study, it was important to identify
the underlying factor structure. The responses to the 46 causes were taken as an input
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to the SPSS software and subjected to exploratory factor analysis using varimax rota-
tion (eigenvalue = 1 cut-off) to identify the main factors. Items with a factor loading
greater than 0.4 were determined to be such main factors [65]. The 8 factors obtained
by exploratory factor analysis, and the causes located under factors named according to
the contents of which reasons, and the factor loads are given in Table 2.

Table 2. Exploratory factor analysis.

Factors that
cause BIM
technology not
used

Code of
causes

Eigen
value

% of
variance

Factor
loadings

Overall
IRI

Average
IRI (%)

Rank of
factor

Factor 1-
Awareness and
knowledge
level of BIM

A8 17.564 17.225 0.869 52.30 52.99 5

A6 0.864 53.77

A4 0.862 56.43

A2 0.860 50.58

A3 0.857 54.34

A7 0.849 53.57

A5 0.843 54.49

A1 0.839 50.37

A9 0.833 51.13

Factor 2- Lack
of management
support

O6 4.814 12.354 0.823 59.23 58.19 3

O5 0.809 61.78

O4 0.766 58.62

O7 0.681 57.68

O8 0.678 55.78

O1 0.598 54.51

O3 0.559 61.66

O9 0.554 57.67

O2 0.490 56.84

Factor 3-
Problems with
BIM transition
process

O17 3.511 10.991 0.716 54.48 56.05 4

O14 0.702 54.99

O16 0.676 51.81

O18 0.655 52.51

O13 0.604 62.18

O15 0.576 56.28

O12 0.556 54.00

O11 0.499 57.36

O10 0.478 60.84

(continued)
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Table 2. (continued)

Factors that
cause BIM
technology not
used

Code of
causes

Eigen
value

% of
variance

Factor
loadings

Overall
IRI

Average
IRI (%)

Rank of
factor

Factor 4- Lack
of BIM
education and
training
opportunities

E4 2.311 10.227 0.807 61.05 60.54 1

E1 0.803 64.06

E2 0.800 62.75

E3 0.793 61.50

E6 0.682 57.10

E5 0.629 56.81

Factor 5-
BIM-based
software
problems

P11 1.851 7.631 0.785 48.81 51.86 7

P13 0.780 49.09

P12 0.724 54.38

P10 0.670 57.32

P9 0.554 49.70

Factor 6- Lack
of incentives
for BIM

P4 1.481 5.812 0.736 58.55 59.89 2

P5 0.725 58.53

P6 0.508 62.61

Factor 7- Lack
of
communication
between project
stakeholders
regarding the
use of BIM

P7 1.169 5.014 0.777 53.65 52.50 6

P8 0.745 51.35

Factor 8- Bias
regarding BIM
technology

P1 1.154 4.342 0.790 45.92 47.81 8

P2 0.685 46.01

P3 0.543 51.52

Total explained variance 73.597

Kaiser–Meyer–Olkin (KMO) value 0.865

Barlett’s test of
sphericity

Approx.
chi-square

6345.315

df 1035

p 0.000

KMO value is an indicator that indicates whether the size of the data set is sufficient
for factor analysis, and it should be above 0.50 [71]. The Kaiser-Meyer-Olkin (KMO)
test value for the analysis was 86.5% (0.865). Since the KMO test value is 0.865> 0.50,
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it can be stated that the data set is large enough for factor analysis. When the Bartlett
test (chi-square) values of the factor analysis were examined to test the integrity of the
sample, it was obtained asχ2 = 6345.315 (p< 0.000). According to the obtained values,
there is a high correlation between the variables, in other words, the data set is suitable
for factor analysis.

Eigenvalue and Varimax rotation method were used in explanatory factor analysis.
Scope of the study, variables with eigenvalues of 1 and greater than 1 were accepted as
factors. Eight factors with an eigenvalue greater than 1 were obtained. 8 factors explain
73.597% of the total variance. The 46 possible causes affecting the prevalent use of BIM
technology in the Turkish construction industry are grouped under 8 factors. Each factor
was assigned a name corresponding to the nature of latent factors which load onto that
particular component. The interpretations for each of these components are as follows:

Factor 1: Awareness and knowledge level of BIM
Factor 2: Lack of management support
Factor 3: Problems with the BIM transition process
Factor 4: Lack of BIM education and training opportunities
Factor 5: BIM-based software problems
Factor 6: Lack of incentives for BIM
Factor 7: Lack of communication between project stakeholders regarding the use of

BIM
Factor 8: Bias regarding BIM technology

4.2 Discussion

In the current study, among the 8 factors affecting the extensive use of BIM in the Turkish
AEC industry, “Lack of BIM education and training opportunities” has been determined
as the most important factor according to the index of relative importance. It can be
stated that the existence of BIM courses and academicians who have knowledge of BIM
technology in undergraduate programs of universities is important.When similar studies
on the subject in the literature are examined, this finding of the study is consistent with
the finding in the study of Sarıçiçek [14], who stated that the lack of BIM education is
the most important obstacle to the extensive use of BIM. In addition, while Sarıçiçek
[14] emphasizes the importance of education of professionals in the sector; In the current
study, it has been determined that the possession of BIM knowledge and skills before
entering professional life has a significant effect on the prevalence of use. However,
the studies of Ademci [12] emphasize the importance of training/consulting services in
terms of BIM competence, and Olawumi and Chan [45], describe the high number of
training programs as one of the most important factors in BIM success, also support this
finding of the study.

The “Lack of incentives for BIM” factor emerged as the second most important
factor. When the previous studies on the subject are examined, Erdik [16] emphasized
the importance of the inadequacy of stakeholders and subcontractors regarding BIM
in BIM adaptation. Additionally, the lack of BIM standards is among the important
obstacles [11, 13]; Studies evaluating it as an important risk factor [23] support this
finding of the current study.
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The “Lack of management support” factor was determined as the third important
factor. Corroborating this argument, Sarıçiçek [14] and Aladağ et al. [15] stated that
the most important obstacle to the prevalent use of BIM is the high amount of initial
investment costs. Like the example of Taiwan [36] and Singapore [37], management
support is an important organizational factor in the use of BIM in Turkey. In addition,
one of the organizational reasons under the mentioned factor is that BIM technology
has not yet been included in the competitive environment in the Turkish AEC industry.
Ademci (2018) and Erdem (2018) emphasized the importance of this issue in the use of
BIM in their studies.

“ProblemswithBIM transition process” is another limiting factor in the prevalent use
of BIM that placed at the fourth rank. Although previous studies [61, 72] identified this
factor under the list of challenges and barriers toBIM implementation, this study revealed
that this factor is one of the significant limiting factors for BIM implementation. The
importance of the obstacles loaded under this factor “need for significant organizational
structure change” [27], and “lack of employer knowledge on BIM and demand” [7, 11]
were also emphasized by different researchers.

In the current study, “Awareness and knowledge level of BIM” was determined as
the fifth factor among 8 factors affecting the extensive use of BIM in the Turkish AEC
industry. When similar studies on the subject in the literature are examined, Akkaya
(2012) emphasized the perception of BIM as only a program, and Sarıçiçek (2018)
likewise emphasized the lack of awareness. The results support the findings of this
study. Similarly, the factor of “Lack of communication between project stakeholders
regarding the use of BIM” supports the findings of previous studies on the subject [6, 11,
34]. A differentiation is found regarding the lack of communication among stakeholders
between former and current research. Sinoh et al. [73] stated that non-technical factors,
such as communication, ranked higher than technical factors; however, communication
among stakeholders ranked as the sixth place among eight factors. Sinoh et al. [73]
focused on the Malaysian AEC industry. Although Malaysia and Turkey are developing
countries, their cultures are different. Therefore, cultural dissimilarities may explain this
differentiation.

Finally, the “Negative bias regarding BIM” factor includes the perception of
increased time and project costs due to BIM transition and the extension of service
scope for BIM-related tasks and procedures. This particular finding contradicts with
the Kıvırcık’s [11] study as it posits the existence of a positive impact of BIM on cost,
duration and quality of design among the selected firms. The possible reason for this is
the existence of a divide between Turkish firms towards BIM adoption, client portfolios
and varying technological capabilities that is reflected in the study samples.

5 Conclusions

Although BIM has significant contributions to the AEC industry, various barriers in
the Turkish AEC environment have negative impacts on pervasive adoption. This
study revealed the key domains as (1) current BIM practices, (2) BIM awareness, (3)
organizational dynamics, and (4) BIM education as the BIM negative drivers.
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Half of the survey participants stated that although they know how to use BIM, the
company they work for does not use or endorse BIM. It can be stated that the participants
were aware of the use of BIM in the industry, albeit to a small extent.

Lack of BIM-related courses in higher education and lack of faculty members who
have knowledge of BIM applications/technology in universities were listed as the most
important obstacles among the education-related reasons. The connected eight factors
for preventing the pervasive BIM implementation are given as:

• Awareness and knowledge level of BIM,
• Lack of management support,
• Problems with the BIM transition process,
• Lack of BIM education and training opportunities,
• BIM-based software problems,
• Lack of incentives for BIM,
• Lack of communication between project stakeholders regarding the use of BIM,
• Bias regarding BIM technology.

Furthermore, “Lack of BIM education and training opportunities”, “Lack of incen-
tives for BIM”, and “Lack of management support” are the most important three factors
limiting the prevalent use of BIM and therefore are worthy of attention. The following
measures may be taken to mitigate the adverse effects of these factors.

Both universities and the government should take responsibility for the “Lack of
BIM education and training opportunities”. Related departments of universities, partic-
ularly architecture and engineering departments, should update their education curricula
and increase the number of BIM-related courses. Higher education institutions and the
government should collaborate to develop a national BIM curriculum to fulfill the need
for BIM proficiency among graduates entering the workforce. This guarantees that grad-
uates entering the AEC sector have the necessary skills and expertise to apply BIM to
their businesses. The creation of such a curriculum may be a subject of future research.

During the early phases of BIM implementation, the government should actively
promote local BIM demand by granting incentives and financial subsidies to the local
AEC industry as well as selecting a few pilot projects to introduce BIM to the ACE
industry.

Regarding “Lack of management support”, it is recommended that the up-down
management create a dedicated BIM department to handle or support BIM deployment
in their projects in the long run.Moreover, topmanagement in construction organizations
is urged to address gaps in their employees’ skill sets by supporting them in attending
appropriate BIM seminars, workshops, or conferences to improve their BIM capacity
and knowledge.
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Abstract. Building Information Modeling (BIM) has gained an important place
in AEC fields. However, the use of BIM in early architectural design processes
is still a relatively less known and underused aspect of BIM by many design
professionals. BIM offers important features such as free formmodeling, building
performance analyses and parametricism that are valuable for decision making in
early design processes. This study aims at understanding the use of BIM in the
early design process using case studies with AEC firms. To accomplish this goal
semi-structured interviews were carried out with these firms, and the verbal data
produced were analyzed with the content analysis method. As revealed from the
findings of this study, BIM comes forward as a design development environment
in which early design ideas transferred from other design media are improved.

Keywords: Building Information Modeling · BIM · Early architectural design ·
Design case studies

1 Introduction

Design is “an activity aimed at achieving certain desired goals without undesirable side
and consequence effects” [1]. According to many researchers, design is considered one
of the most complex intellectual processes of humans as a problem-solving activity. The
act of design is also believed to be a process of producing solutions [2–5].

In the early stages of design, the architect defines the concepts and basic ideas of
a building. Some of the activities inherent in the early design stages are identifying
needs, assessing requirements, determining key issues, defining project specifications,
establishing initial concepts, and evaluating proposals [6]. Initial ideas and organizing
principles have an identifiable impact on the solution that extends throughout the entire
design process [7]. Each design idea reflects the designer’s understanding of the design
problem and managing the process with his thoughts [8–10]. These early design stages
involve a cyclical process that includes defining, interpreting and re-evaluating the design
problem. This cyclical process relies on the cognitive skills of the designer, such as
processing and transforming design information to produce creative design solutions.

Designers use various tools and media to achieve design tasks. Gänshirt divides
design tools into six groups: observation, sketch, design drawing, model, calculation
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and verbalization [11]. Tool selection depends on the design task involved, the design
idea and the design phase. Computers are heavily used in the context of design. Attempts
to integrate the design process into computation and a knowledge base into Computer-
AidedDesign (CAD) have long been the focus ofmany design researchers [12–14]. CAD
software has a graphical language consisting of lines and curves necessary to produce
information including the formal geometry and spatial position of building elements.

Over the years, CAD tools were mainly used for drafting and documentation tasks in
practice, their use in designing has been limited [15]. One of the drawbacks of CAD soft-
ware is that it lacks semantic data incorporating alphanumeric characteristics of buildings
elements such as material, cost, physical environment control data, etc. This alphanu-
meric data is important for creating real-world simulations and analyses in projects that
feed design decision-making. Another shortcoming of CAD is related to project revi-
sions. CAD continued to produce design representations such as plan, section, and view
in the same order and with similar processes as the traditional paper and pen environ-
ments they replaced. Since these representations are created independently of each other,
it is not easy to make consistent revisions covering all project documents, especially in
large projects. Each project document needs to be handled one by one [15]. As design
also constantly evolves, it should ideally take place in a cyclical process allowing fre-
quent data flow at different stages. CAD software imposes a linear workflow making
this data transition between stages difficult.

Building InformationModeling (BIM) software has been gaining acceptance inAEC
fields. It creates a digital prototype for the actual construction with semantically rich
information content, multidisciplinary interoperability of data and decision support in
various stages of a project. It reflects an ideal that is aimed to be achieved for the building
sector [15]. BIM also has important contributions to the early stages of design. It has
an innovative approach that allows designers to control project cost and environmental
performance starting from the first stage of the lifecycle. It helps the designer visualize
and analyze their design and relatedmaterials and technologies before the building phys-
ically exists [17]. It creates an opportunity for sustainability measures and performance
analysis throughout the design process [18]. In addition, it offers a collaborative design
environment between stakeholders and an effective database of interoperable objects
spanning the entire project lifecycle [19, 20].

2 BIM and Its Utilization in Early Design Stages

The early phases of any building project are potentially the most vibrant, dynamic and
creative phases. At this stage, designers from all disciplines interact to achieve optimal
design solutions. The decisions taken at the early design stage directly affect a significant
part of the decisions to be taken in the later stages of the design process. They have a
great potential to improve outcomes such as reducing costs and increasing customer
satisfaction [21, 22].

As a promising platform for the early design stage, BIM has evolved from the devel-
opment of CAD to create integratedmanagement ofmultidisciplinary information gener-
ated throughout the life cycle of the project [23]. BIM is perceived as a set of technology,
methodology and processes that can support integrated design and project delivery pro-
cesses and offer significant advantages compared to existing information technologies
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[24]. Unlike traditional CAD, BIM uses building components such as walls, columns,
floors, doors, windows, and many other building components to make (object-based)
models. In addition, various features are embedded that support comprehensive types of
information such as geography, material, area, typology, and user information [23].

BIMallows project stakeholders to transfer,manage and store information in a virtual
environment during the life adventure of the building (design, construction, operation,
demolition). It creates consistent, workable, coordinated data in the building design and
application processes, influences decision-making processes thanks to its parametric
working feature, produces high-quality application drawings, provides cost control and
allows testing the design on building performance issues [24].

In a BIM platform, at the earliest stages of design, projects from all disciplines are
overlapped in 3D, andproblems are identified and likely larger problems canbe prevented
in the future.Design coordination is an activity that combines designs fromall disciplines
to achieve total quality control standards of the work [25]. The design coordination
process usually begins after the conceptual design and preliminary description of the
building systems have been completed [26]. It is seen as a kind of final review phase
where possible errors can be detected. The effectiveness of design coordination is more
efficient when the project is developed early.

BIM can provide digital and real-time feedback to the designers and enable them to
test and develop their work at every stage of the design in line with the conditions they
want. The processes of performing analyses, evaluating the feedback and developing the
design can be continued cyclically. In the search for satisfactory solutions, it is ensured
that aesthetic, function and performance development can bemaintained in a coordinated
manner [27].

Quantity survey is one of the main elements of the construction business, such as
the approximate cost of the building or the project process planning [28]. It is the data
required from the preliminary design stage to the end of the project. BIM-based quantity
data; It has been reported that the project provides simpler, more detailed and accurate
cost estimations, reducing time and expenses [29]. In order to examine the calculated
difference between the quantities obtained with modeling tools and traditional methods,
it is possible to quickly obtain the quantity data in the models created using BIM tools
[30].

During the design phase, BIM can also contribute to the development of building
through various methods. The first method is to create 3D masses for conceptual design
with the geometric modeling commands. These 3D masses can be transformed into
BIM objects afterwords. The second method is to produce forms supported by para-
metric/generative design principles. A parametric design interface is a relatively new
paradigm in the field of CAD and BIM, as the mechanisms which are capable of produc-
ing design alternatives are controlled by certain rules or limits, regardless of themodeling
and visualization skills of designers [31]. The third method is to utilize sustainability
analyses including solar, wind and energy studies for early design forms. These analyses,
also called building performance analyses, allow the design decisions to be reviewed
and to create more sustainable designs [15].
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3 Case Studies

3.1 Research Methodology

This study examines how BIM is used in the early stage architectural design process
through case studies. The case study research methodology was used to collect data in
this study. It focuses on understanding the dynamics’ presence in environments [32].
It is an efficient method for investigating a specific phenomenon, such as a program,
a person, a process, an institution, or a social group. A case study may include single
or multiple cases and offer in-depth analysis or multiple levels of analysis about the
lim-ited cases selected [33, 34]. It is a general practice to conduct case studies with a
small number of cases to produce an in-depth analysis [35].

Four architectural firms were selected as cases for this study. These firms are some
of the leading Turkish AEC firms that utilize BIM in many projects at different scales
for many years (see Fig. 1 and Fig. 2). In line with the scope of this study, the research
was confined to the early design phase use of BIM by these firms.

The interviews were held at the firms’ offices. Generally, interviewing is often pre-
ferred as away of collecting data in the field of social science and the case study re-search
methodology [32]. In this study, the interviews were conducted in a semi-struc-tured
manner with open-ended questions. The verbal data obtained from the interviews were
recorded in a phonoscope and transcribed into text manually. When analyzing data, the
content analysis method was used. It is the process of analyzing qualitative data obtained
from various sources, making quantitative evaluations and extracting meaning from the
data [36, 37]. It involves characterizing and comparing transcript doc-uments collected
from the interviews. This process was completed in the NVivo soft-ware, a data analysis
software produced by the QSR International firm.

The verbal data was transcribed into the Microsoft Word file format; then, imported
into NVivo for graphical analysis. NVivo facilitates the processes of coding in data
analysis, revealing themes, presenting results visually and numerical analysis of quali-
tative data. The coding was done within the Nvivo to analyze the data. All of the firms
interviewed are defined as a “case” in Nvivo. Coding was carried out by dividing the
interview content into the categories such as (1) Management of the early-stage archi-
tectural design process (2) BIM Uses in Early Design Stages and (3) Strengths and
weaknesses of BIM in early design phases. Content analyzes were carried out by creat-
ing a subcode (child node) of the categories. All these relationships are graphed using
NVivo’s “hierarchy chart” feature.

3.2 Results and Analyses

According to the content analysis the most frequently used words in the interviews
were “information” and “time” (Fig. 3). The fact that “time” and “information” are also
con-sistent with the nature of Building Information Modeling. This outcome can be
inter-preted in a way that BIM is an information-focused process, and it represents the
timely exchange of information by all project stakeholders.
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Fig. 1. Design progress on different masses using energy analysis by Firm 3

Fig. 2. Sun study on a proposed design by Firm 3

The survey included a question about the general use of BIM by firms. As revealed,
BIM helps the decision-making process in different phases of the project life-cycle
including the early design phase (Fig. 4). As stated by an interviewee “unpredictable
information for problems and their solutions” can be obtained through BIM. The inter-
view results show that many firms use software other than BIM at the beginning of
their design work. They switch to BIM after reaching a certain stage for advanced anal-
ysis, assessing design control, creating accurate schedules and more precise project
docu-mentation. Most firms expressed that BIM is a virtual construction site in which
all building-related activities are pre-analyzed before the actual construction. They be-
lieved that the lifecycle representation of the building involving all project phaseswas one
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Fig. 3. The word cloud result produced in the content analysis

of the important uses of BIM. Interviewees also stressed that multidisciplinary collabo-
rative features and information production opportunities for better decision-making are
essential aspects of BIM. They added that the coordination feature is not only sig-nificant
for interdisciplinary work but also for coordination within own discipline.

Fig. 4. BIM uses by the firms

Another question examined the type of software used in the firms. For most of the
firms, Autodesk products such as Revit, Navisworks and BIM360 Docs are primary
BIM plat-forms. Occasionally, firms appear to introduce other software when deemed
necessary. Dynamo, the visual programming environment by Autodesk, is also used by
the firms, for productivity-related tasks in project documentation rather than design-
related purposes (Fig. 5).

Firms were also asked about the design media they used and the flow of their design
work (Fig. 6, 7). Traditional paper-based sketches are still the main design media for
these firms. Physical models as another traditional medium also appear to have their
uses in the design process. Following the creation of the design in traditional mediums,
firms showed different attitudes toward the use of digital tools. According to Firm 1,
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Fig. 5. The type of software used in the early design stages

BIM is a “working method. It is a system that excludes all traditional methods and has
sociological effects.” Firm 1 and Firm 4 stated that they move to digital media with
BIM. Firm 2 and Firm 3 preferred working with CAD software after the hand-drawn
sketches. CAD systems are still found more flexible and easier to use for design tasks as
they imitate graphic environments presented in paper-based media. According to Firm
1, which uses BIM at every stage, “Modeling the design geometry and transferring it
to the digital environment is still difficult in the BIM environment. (3D) Modeling a
building takes longer than drawing it. It is necessary to use more than one software.”

In some projects, BIM is used in the early stages for supporting design decisions
with information specific to that task. As stated by Firm 4, the digital proficiency of
the designer is also determining factor in choosing design media. Firm 2 explained
the transition process to BIM as such “… after the decisions regarding form, space
organization and the volume are made, BIM is used for developing design ideas and
alternatives.” Firms that do their first design work with traditional mediums, move to
BIM at the late design stages. They move to BIM for informed decisions. Firm 3 states
that “The early-stage architectural design process can be very different according to the
subject, content and intensity of the design. If you know what to do, then it will be easy
to switch to BIM, but if it is not known what to do, it is necessary to make models,
sketch, try and repeat. A lot of analyses are required.”
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Fig. 6. The design media in the early design stages (* refers to pen-paper based media)

Fig. 7. Preferences for the design and documentation media in the project processes

Firm 2 and Firm 5 emphasized the importance of working with all stakeholders
in the early stages of design with BIM. Firm 2 expressed that “the basis of BIM, and
thus its greatest advantage, is based on “coordinated knowledge generation with the
participation of different stakeholders.” Firm 1 and Firm 4 stated that BIM provides
a significant benefit in existing situation modeling and analyses. According to Firm 1
conventional tools do not take environmental conditions into account. Firm 1 and Firm
3 said that “the BIM offers a great benefit for incorporating environmental factors such
as sun, wind, shadows into the design process”. Firm 1 and Firm 3 believed that BIM is
important for energy analysis in the early design stages. However, Firm 3 also stressed
that: “The features of the BIM such as energy modeling and wind analysis should show
how it is integrated into the context and urban infrastructure. Furthermore, we are not
sure of the accuracy of the analysis outputs (Table 1).”
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Table 1. BIM uses in early the design phases by the firms interviewed

FIRM 1 FIRM 2 FIRM 3 FIRM 4

Design authoring X X

Existing situation
modeling and analysis

X X

Quantity surveying X X

Energy analysis X X

The next question examined the strengths and weaknesses of BIM in comparison
with other digital environments. Firm 1 and Firm 3 expressed that BIM contributes
to the early-stage architectural design process for existing situation analysis, quantity
surveying, documentation, energy analysis and coordination (Table 2). Firm 3 and Firm
4 emphasized the BIM’s contribution to 3Dmass design. They both stated that the ability
to model 3D geometrical models called masses is beneficial for design studies. Firm 3
also emphasized the variability of the design process, saying that “choosing the right
tool for the situation is important. When information is not needed, the need for BIM
decreases. For this reason, BIM and early-stage architectural design processes do not
converge at certain points.” The same firm claimed that, “at present, BIM conveniently
benefits construction documentation for architectural design offices in terms of revision
and coordination.”

Table 2. Strengths and weaknesses of BIM in early design phases

Strengths Weaknesses Potentials

Efficient collaboration Rigidity Energy analysis

Existing condition analysis Time Integration with CAD tools

Working with conceptual masses

The support of computational design tools

4 Findings

Despite some of the drawbacks concerning design-related capabilities of existing BIM
software, the research findings reveal that BIM still helps early design and design
development tasks in the following areas:

1. Testing the sustainability of design alternatives with energy analysis,
The ability of BIM environments to analyze and simulate through early design
models for sustainability distinguishes BIM from other tools and environments and
highlights it as an important working environment for design [24].
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2. Assessing the context utilizing the site and existing condition analysis,
BIM is effective for site analysis, site utilization planning and modeling the site
conditions. In early project stages, BIM can be used to assess site conditions and
characteristics and tomake decisions about organizational relationships and building
layout [38].

3. Generating the design intent conceptual mass in 3D,
For the early stages of design, a 3D model is created at the LOD 100 level, which
corresponds to the conceptual design level. This environment encourages working
with 3D geometries from the start in contrast to transforming 2D views into 3D as
in CAD platforms [39].

4. Developing design alternatives with generative design methods,
Generative design helps to produce a pool of solutions for design problemswithin the
framework of defined rules. In the BIM environment, this feature is being integrated
into various software or offered with visual programming tools. In this way, the role
of BIM in finding the preliminary design idea increases.

5. Creating an environment for efficient collaborative design,
BIM software offers foresight for the planning and implementation of the project and
reduces project risks. Many participants collaborate in model formation processes
by making the process dynamic and detailed [16].

6. Coordinating early-stage design decisions with documentation,
In BIM, documenting the design and showing its constructibility can help all project
stakeholders. This is possibly one of the strongest aspects of BIM in comparison
to CAD software. Both geometric and non-geometric information can be retrieved
from models for documentation purposes in different phases of a project.

5 Conclusion

As supported by the research results in this study, BIM has an important place in the
early stage architectural design process, especially in data-intensive processes. By incor-
porating all the geometrical and semantic data and interpreting that through analyses,
BIM acts as a facilitator in the designer’s decision-making. While CAD concentrates on
form building and 2D project documentation, BIM actively supports decision-making
in multidimensional project contexts. These new design development methods also help
designers with new perspectives on design methods. In the interviews, BIM is seen as
particularly important in terms of providing information and coordination as opposed to
CAD software.

This research showed that BIM is often used as a design development environment
rather than creating the initial design idea. It contributes to the development of the design
idea and the production of alternatives from it. One drawback of BIM as revealed in this
study is that it still lacks flexibility in geometric modeling; often other software are
introduced into projects to achieve the desired geometrical tasks useful for designing.
BIM as an early design tool is expected to improve with the availability of easy and
intuitive interfaces with performative, parametric and generative design tools.
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Abstract. The recent advancements inBIMmethods emphasize the effective time
usage for project-producing phases. Especially various capabilities of plugins and
coding provide an opportunity to create customized solutions for BIM applica-
tions. From a specific viewpoint, value-engineering processes require project-
based solutions and plug-ins can be developed as catalyst tools for facilitating this
important phase and related BIM tasks. Encountered issues should be considered
an opportunity to save time in the next project. Considering the in-house BIM
project experiences, Ronesans Construction Project Company has evaluated the
BIM-related issues that were faced on the projects to create specific solutions by
producing new plugins. In addition, all team members are trained to improve their
knowledge to increase working efficiency, which is also an advantage that saves
time. Every generated plugin or update is shared with the team synchronously.
This study presents a case study on a room related plug-in that has been utilized
within the firm. Such use patterns, features and user responses are reported to show
the effectiveness of customized tools for specific BIM tasks such as Room-Related
Surfaces.

Keywords: Roombook · BIM parameters · Cost management · Time saving ·
Value engineering · BIM plug-in

1 Introduction

Digitalization has been defined as the process of changing analog to digital form, also
known as digital enablement [1]. Digitalization has affected the operational processes of
companies due to the provided opportunities for efficiency [2]. This trend has recently
becomemandatory to be successful in the competitive markets for many sectors [2]. The
construction sector is one of them that has also been affected by the rapid advancement
of technology [3]. Many software platforms have been implemented in the project pro-
duction phases to work more efficiently. Besides, design and delivery methods also have
changed due to the continuous digital improvements in the Architecture, Engineering,
and Construction (AEC) industry [3]. Many organizations work collaboratively in the
AEC industry to finalize projects. In line with that, the information management and
exchange process become crucial [4]. Therefore, there have been some improvements
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regarding the common working way and collaboration considering all relevant disci-
plines [4]. Building Information Modeling (BIM) is the most profound development of
the digital transformation in the AEC industry that provides a common platform to work
collaboratively [4]. In addition, BIM is defined as both a method and process where the
physical features and information of every element of the project are digitalized regarding
its required level of detail [5]. Created information model includes nD building informa-
tion ranging from geometry, spatial relationships, light analysis, geographic information,
quantities and properties of building components product’s material, specification, fire
rating, U-value, fittings, finishes, costs, and carbon content [3]. Thus, all designers and
engineers could monitor and manage the required parameters [3]. In addition, error
minimization, improving productivity, supporting quantity, cost, scheduling and safety
management are significant enhancements provided by BIM usage [6]. There are many
software tools utilized in BIM processes to achieve the indicated potential. The BIM
field clusters a group of professionals who specialize in developing software, hardware,
equipment, and networking systems necessary to increase the efficiency, productivity,
and profitability of AEC sectors. These include organizations that generate software
solutions and equipment of direct and indirect applicability to the design, construction,
and operation of facilities [7].

Although there are many tools to use, the software is inadequate in some cases. Such
cases unlock the opportunity for newPlug-in creation, it’s even crucial for some situations
to better utilize the system [8]. Plugins are created due to improve the capabilities of the
existing software considering specialized tasks [9]. Scripting Language and Application
Program Interfaces (API) are twomethods that allow for the creation of new tools for the
Revit Software [8]. There are many software providers such as Autodesk App Store [10],
AGACAD [11], Kiwicodes [12], RevitWorks [13], IdeateSoftware [14], RTVTOOLS
[15]. Besides, there are almost 797 plug-ins that have been utilized in the construction
industry [16]. In addition, many construction firms have started to create their personnel
plug-ins [8]. For instance, Thornton Tomasetti has created CORE platform for research
and development regarding the software [17]. Bentley is another example that created
the plug-ins for sharing and accessing the models [18]. In addition to the private R&D
efforts, there are also academic studies regarding the plug-in creation for the detected
issues. For instance, Revit Add-in has been developed for parametric modeling of bridge
abutments in a master thesis [19] and another plug-in has been created for the electrical
equipment placement to achieve repetitive works efficiently in a doctoral dissertation
[20].

Plug-in creation for time and cost-saving and to achieve more efficient usage could
be considered a value engineering (VE) approach of the BIM phases. Value engineering
is defined as a structured problem-solving process based on function analysis to improve
the value of a system.Value is also defined by a ratio of function to cost and consequently,
it can be increased by either improving the function or reducing the cost [21]. The VE
study is conducted by a team of members with multi-disciplinary experience and exper-
tise [21]. Value engineering is a management approach that can significantly improve the
function and value of projects and eliminate unnecessary costs [22]. Information, func-
tion analysis, creativity, development and evaluation, presentation, and implementation
are the phases that need to be followed during the value engineering processes [23].
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The study aims to demonstrate the similarities between the Renaissance Construction
Company’s plug-in production phases and the value engineering phases.

The selection of the predicted finishing work materials by the designers before the
construction documentation phase is a performance considering the cost management
that today’s project companies often try to reveal. The BIM parameters are being used
to manage outputs of the finishing materials and these parameters are starting to differ
for each company’s standards. Therefore, the design companies need to add additional
compatible and integrated systems into the main BIM software. In these circumstances,
the architects and engineers can easily integrate into the Project producing process with
predefined BIM settings. When the main BIM software like Revit is analyzed, there
isn’t any solution in the default systems to connect the material information of wall
coverings, ceilings, floors, and skirtings, which are the four basic components of closed
room volumes with the room families. This study mentions an integrated plug-in system
with predefined features that were created by Renaissance Construction. At the end of
the study, it is aimed to present practical results with the automation of cost estimation
and preparing bills of quantities (BOQ) in the BIM software.

2 Methodology

The Room-Related Surface plugin is presented as a case study in this article. Autodesk
Revit software and the plugin which was produced by Renaissance Construction will
be used in this case. The plug-in usage was designed based on Revit system families.
It generates families and automatically enters parameter values into them step by step
with coding language C# (C Sharp). Autodesk Revit has a .NET API which means it
can be used any of the .NET compliant programming languages (C#, VB.NET, F#…)
to develop a plug-in. While each language has its own relative benefits, C# is the natural
choice for this guide: it is easy-to-learn, easy-to-use and leverages the power of the
underlying. So, the C# was chosen in order to generate plug-in as a general-purpose,
multi-paradigm programming language which is used for RCP tools plug-in [24].

This chapter aims to investigate the role and ways of usage of plug-in BIM system,
and its effect on the company’s BIMworking process. In addition, the study also explains
the schematic organizational chart of the firm in order to tell how Ronesans company
approaches the problems. The indicated plug-in abilities in the introduction part are
shown based on the sample project. Then, the time-saving benefits of the plugin are
presented with a man/hour comparison between the classical usage of the software and
the plugin-based one. In addition, a short survey was conducted to understand the BIM
users’ perception to the plugin and coding usage in the BIM process.

The tools features of plug-in: (see Fig. 1) (1) To generate system families (wall, floor,
ceiling); (2) to copy parameter values into the generated families. (computer-readable
statement); (3) to generate exported list on.xls format from generated families.
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Fig. 1. The tools of features of plug-in with steps

3 The BIM Implementation Perspective in Ronesans

Ronesans Construction produces construction projects using BIM as an integrated and
multidisciplinary system.All related disciplines such as architecture, structure, andMEP
are integrated through BIM platforms. Besides, a common Revit server has been estab-
lished for the project teams. Two project teams exist within the structure of Ronesans
Construction; Ronesans Proje-Mühendislik (located in Turkey) and Renaissance Con-
struction Project (located in Russia). There is also an R&D team that works on the BIM
process for research and development. The software provides every team member to be
free of location, Due to the opportunities of BIM. Indicated teams work collaboratively
in the projects. BIM meetings are organized to discuss the goals or to train the team
regarding updates. BIM R&D team prepares required families, templates, or plugins
based on the remaining team members’ experiences or requests. Thus, Ronesans Con-
struction creates “needs-oriented solutions of the company” for project BIM processes
(see Fig. 2).

Fig. 2. Organization schema of the company
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The projects are developed from the start of the tender phase. Therefore, after initial
documents and models are received from the client, the Tender team shares them with
the Project Team of Renaissance Construction for updates and BOQ preparations. Dur-
ing that process, the project team updates the model with parameters and prepares BOQ
schedules for tender documentation. At that point, plugin creation is required due to
inadequate software capabilities. The Revit software cannot provide a connection be-
tween the Rooms and the elements around. For instance, there is no room numbering
parameter value inside any of the Revit elements. At that point, the plug-in provides to
enter room numbering parameter into the Revit elements automatically. Thus, the con-
nection is provided between the Rooms and the elements rapidly. The indicated issue is
the reason for the creation of the Room-Related Surfaces Plugin by the Design Team.

The Plug-In Production Progress of the R&D Team: All design team members can
work on the Revit server synchronously (see Fig. 1). During that process, if the team
members face any software-based issue, they share itwith theR&D team.Then, indicated
issues are discussed at themeeting platforms to find the best solutions. After all, the R&D
team provides solutions accordingly.

4 Plug-In Development Process Considering VE Phases

Plug-in production is a value engineering point of view for the BIM process. When
examining the Room Related Surface plugin production process, it is seen that every
step follows value engineering phases [23] (see Fig. 3).

Fig. 3. Value engineering phases and reflection into the plugin production.
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4.1 Information Phase

The purpose of the information phase is to define the status of the project and to determine
its possibilities for development. In addition, many workshops have been arranged to
discuss the status [23]. Considering the Room related surface plugin production process,
BIM and design development meetings can be accepted as the workshops for the infor-
mation phase of VE since BIM-related requirements and issues are discussed. The tasks
related to the Project are defined in the meetings. All Project teams organize to finalize
the job tasks. During that process, the issues related to the BIM Program Usage are
defined and the R&D team is informed. Afterward, BIMmeetings are arranged between
the Project Team and the R&D Team to analyze the problems.

4.2 Function Analysis Phase

The Function Analysis Phase aims to state the needs of the Project Process. Defined
functions are evaluated and classified to find the best options [23]. If the R&D team’s
approach is considered; the determined complications in BIM meetings are prioritized
based on the order of importance. While they are working on classification, repetitive
work causing time-wasting are mainly being considered. To exemplify, command usage
can be analyzed in many projects, per that minimizing the time-wasting of repetitive
commands can be defined as an issue. A room-Related surface plugin is produced for
facilitating repetitive commands.Without the plugin, it takes time to add room name and
room number parameters into the wall and floor elements or create wall and floor ele-
ments based on the room edges. Besides, entering a parameter manually can cause some
negative results such as missing parameter, wrong parameter entering, letter mistake in
parameter. Indicated mistakes affect schedules and quantities. Therefore, the produced
solutions become significantly beneficial.

4.3 Creativity Phase and Evaluation Phase

In the creativity phase in order to solve determined issues, ideas are created. All possible
ideas are collected in the creativity phase for finding the best solution. Following that,
the evaluation phase occurs and proposes to select the ideas based on the resources,
man/hour effects and qualitative requirements [23]. During that process, all relevant
alternative options are also being evaluated. For instance, there might be some outsource
plugins that meet the expectation, in that case, the decision is made considering cost-
efficiency. These approaches can be seen in the Room related surface plug-in production
process. Based on the discussions between the team members in the BIM meetings,
ideas are created by the R&D team and the best idea considering production time and
requirements are selected. In these circumstances, plugin production is the best option
because the issues were repetitive for every project.

4.4 Development Phase

This phase is more strategic for assessing ideas and needs within the firm [23]. After
the decision for the specific plug-in development the BIM R&D team develops plug-in
prototypes for testing and user feedback. Following the project team’s feedback, the
plugin is updated and finalized for deployment.
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4.5 Presentation Phase

The finalized solution and relevant information are shared with the project team and
comparison results are assessed in this phase [23].Considering theRoomRelatedSurface
Plugin’s processes; after the plugin testing process is finalized, the relevant information
is shared with the project team members in the meetings, and additional meetings are
arranged to train the team.

4.6 Implementation Phase

This phase aims to realize the expected advantages of the new methodology [23]. When
the plugin production process is examined; Room-related surface plugin usage provided
time gains and prevented the user errors during the parameter filling. This situation
demonstrates that the predicted advantages of the plugin are achieved. In the following
part, a comparison between the usage with the plugin and without the plugin is shown
as a case study.

5 Room-Related Surface Plug-In Usage Process

In the first stage, the room families and the masonry walls are defined in the Revit model
with closed volumes, in order to start working with the plug-in. The masonry walls and
their finishing covers are modeled by using two separate family types (see Fig. 4).

Fig. 4. The model status to implement the plug-in

The critical unit that has a function in an architectural design is the room. So the
plug-in focuses on preparing finished works for these critical unites. The plug-in has 3
features known as creation families, copying values of parameters, and a creation list
otherwise known as a Roombook (see Fig. 5).
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Fig. 5. All features of plug-in

The first feature of the plug-in is the automatic creation of models with predefined
families (wall coverings and floors) along with the room boundaries (see Fig. 6, 7, 8).

Fig. 6. The interface of the plug-in

Fig. 7. The initial feature of plug-in for the automatic creation of wall finishes
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Fig. 8. Created wall claddings with the plug-in.

On the other hand, the parameter values of these elements are linked with the infor-
mation of rooms. Rooms may have a lot of information, but the main variables are the
name and number of the room, in order to provide requirements for the Roombook. In
this case, the second feature of the plug-in is to insert room names and numbers into
the parameters of model elements such as wall coverings, floors, ceilings and stairs (see
Fig. 9, 10).

Fig. 9. The second feature of the plug-in is to automatic insertion of room names and numbers
into the finished elements in the model.

The third feature is the creation of an Excel spreadsheet known as a Roombook.
All rooms can be listed with a quantity of wall coverings, floors, ceilings and skirtings
as areas by the plug-in. The standards of the Renaissance Construction are indicated in
Excel. For example, the layout of the list, language of text are defined by the plug-in
(see Fig. 11). All these automations provide serious benefits in terms of time and data
management.
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Fig. 10. Already copied values of parameters into the wall family with plug-in.

Fig. 11. Created excel list with the plug-in.

6 Case Study

There are a few factors such as the time saving and simplicity, which have advantages
in the performance of plug-in usage. A sample project has been selected, in order to test
the efficiency of the plug-in. The Project has the following characteristics: Total area
of project: 229.021 m2. The functions of building: Business center, shopping The total
floor and height: 62 floors, 258,75 m.

Three staff members worked with the same method in the same model in order
to eliminate comparing problems of personal performance. Considering the personal
performance of professionals, it demonstrated that the use of the plug-in helped to



BIM-Based Value Engineering: Creating a Plug-In System 43

eliminate factors such as negative personal performance and working efficiency which
were observed across the samples. Almost everyone completed the same work with
the plug-in at the same time. As predicted, the accuracy of method entries depends on
subjective performance when using manual Revit methods. However, the plug-in creates
this process and eliminates such problems with automation.

The first process of the proposed method is to create all wall coverings using the
plug-in (see Fig. 12 and 13). The height of walls can be changed in the settings of plug-
in. This setting is also provided to create a skirting, a wall or a floor which it can be
followed the user steps below. Pre-intervention status of the model -as seen without wall
covering- before the use of the plug-in (Fig. 12).

Fig. 12. Before using the plugin.

Fig. 13. Wall creation step of the plug-in.

At the same time, the family name can be recognized with requested any rules.
Actually, in the regular process, this type of rules for a family name should be defined
by the companies. So, the company standards as the code of the family name is created
inside of the plug-in automatically (see Fig. 14).

All information about family names, material names are so critical in order to submit
correct data. These automated processes ensure accuracy in a document like BOQwhere
data needs to be extremely accurate. The aimwith the plug-in is to provide the automation
accuracy. The software provides the information of quantity on the walls and the floors
according to all separate rooms (Figs. 15, 16, 17, 18 and 19).
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Fig. 14. Type selection process.

Fig. 15. After the plugin usage

6.1 Plug-In Usage Comparison

When the task is defined as adding wall cladding by type considering room naming and
numbering parameters for 5 rooms; the time comparison chart in Fig. 20 shows that the
plugin decreases the time usage almost by half. In line with the sample project, there
are 500 rooms where the walls were created with the same method. Resulting, a 20 h
of working time saved for 500 rooms. Besides, the plugin can be used for every project
and provides error minimization.
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Fig. 16. Parameter adding process.

Fig. 17. After the plugin usage.
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Fig. 18. Created floors

Fig. 19. Created wall claddings
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Fig. 20. Plugin usage comparison

6.2 Survey Results

BIMUser’s points of view regarding plug-in usagewas examinedwith a compact survey.
Questions were prepared to evaluate considering the parameters such as users BIM
experience, utilized software, plug-in usage rate, plug-in production rate, coding usage
rate and users deduce from the plugin usage. While making the survey, the attendees
were mostly chosen from different companies. In the survey, 21 BIM users responded to
the questions. The professions of the users were mainly architects, civil engineers, and
BIMmanagers. Considering that both the case study results and survey results are in line
with each other, the results of the survey can be considered as valid. In the first pie chart
below, it can be seen the working positions of the users (see Fig. 21), and in the second
pie chart, BIM usage experience is shown (see Fig. 22). In the first pie chart below, it can
be seen the working positions of the users (see Fig. 21), and in the second pie chart BIM
usage experience is shown (see Fig. 22). In addition, all participants are using Autodesk
BIM tools (see Fig. 23). It is seen that all participants have the experience to evaluate
the BIM processes.

19 participants use plugins during the working process (see Fig. 22). 9 of the atten-
dees’ companies have produced their plugin solutions (see Fig. 23). It is determined
that the experienced BIM users are aware of the plug-in usage and almost half of the
companies tried to solve the issues by considering the plugin creation (Figs. 24 and 25).

18 participants indicated that coding is used during the project production processes
in the company’s (see Fig. 26). In addition, 17 of the attendees plan to learn coding (see
Fig. 27). This indicates a shift in the job descriptions and professional profile of AEC
workforce.
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Fig. 21. Working positions of the attendees.

Fig. 22. BIM experiences of the attendees.

Fig. 23. BIM software preferences of the attendees.
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Fig. 24. Plugin usage percentages of the attendees.

Fig. 25. Company based plugin production percentage.

Fig. 26. Coding system usage percentages of the attendees.
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Fig. 27. Percentages of the attendees who plan to learn coding.

18 participants responded to the question that is asking the benefits of using coding on
BIM (see Fig. 28). Based on the responses the benefits of coding can be indicated as: (1)
Design automation, (2) Time-saving, (3) Facilitating repetitive works, (4) Customizing
the workflow and overcome any unforeseen difficulties caused by every unique project
and design processes (5) Enhancing productivity and speed and (6) Facilitating BOQ
related tasks.

Fig. 28. Questioning the benefits of coding.

Considering all results above, it can be seen that experienced BIM users are mostly
aware of the coding process and companies have already started to produce their own
solutions as a plugin. Besides, Dynamo, Python coding systems have also been used
as a tool for the architects and engineers. Rapid advancement of the BIM usage in the
construction industry also changed the Architect and Engineers job requirements as seen
in Fig. 27; %81 percent of the attendees plan to learn coding.

7 Conclusions

Recent advancements in BIM provides vast advantages for the firms in the business scale
aswell as users at teamand individual levels. Based on the project needs,BIM task groups
can enhance their BIM methodology by producing plugins, using coding and scripting
interfaces like Dynamo, Python. Due to the inadequacy of the generic BIM platforms
for specific purposes, demand oriented plugin production is inevitable [8, 16]. Different
from conventional BIM users, large companies need to create their own solutions to
proceed efficiently. This approach can be exemplified as the value engineering for the
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BIM processes when examining the Room Related Surface plug-in production process.
It is evident that every step follows value engineering phases. As provided in the case
study, the Ronesans Construction Company’s need-oriented plugin production approach
is consistent for efficient BIM usage. Considering the potential savings from the VE
tasks, the firm realized the potentials of VE at the design development, work drawing,
and construction documentation phases through need-oriented plugins. Time-savings is
the main achievement of the firm with this tailor-made approach.

In addition, BIM user experience, utilized software, plug-in usage rate, plug-in pro-
duction rate, coding usage rate and time deductions from the plugin usage parameters
were examined through the short survey. Considering the survey results, it is deter-
mined that plugin and coding solutions provide numerous advantages for the project
production phases. The advantages can be listed as; design automation; time-saving;
facilitating repetitive tasks; customizing the workflow; overcoming any unforeseen dif-
ficulties caused by production processes; enhancing productivity and speed; facilitating
BOQ-related tasks. On the other hand, many experienced BIM users in the construction
industry want to learn coding for increased efficiency. Therefore, it is expected that job
descriptions may change for architects and engineers in the near future. Also, the results
show that many construction companies that work with BIM approach, have already
started to produce their own need-oriented plugin solutions for their own BIM imple-
mentation frameworks. This compact study illustrated the applicability of customized
software solutions for a large business enterprise and provided evidence for similar
implementations of plug-in based software utilizations.
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Abstract. Prefabricated construction has been promoted as an innovative pro-
cess in the Architecture, Engineering, and Construction (AEC) industry to reduce
construction time and waste. Despite its capability, the adoption of prefabricated
construction in Malaysia remains low due to the fragmented delivery processes
among a large number of project stakeholders. Building Information Modelling
(BIM) has a high capability to address these issues by centralising, coordinating,
and visualising the design, timeline, and related costs for the supply chain man-
agement. Thus, this research aims to develop a process map that integrates BIM
in prefabricated construction supply chain management. A 28-storey commercial
building was selected as a case study to evaluate and visualise the supply chain
management. A total of 405 precast families were created to develop a BIM Level
of Detail (LOD) 300 model in Revit®. This model was utilised to (1) develop
a work programme in Oracle® Primavera and (2) simulate the four-dimensional
(4D) and five-dimensional (5D) BIM analysis in Navisworks® Manage. A process
mapwas developed based on this case study and further validated by six expert pan-
els. High mean scores ranging from 4.06 to 4.58 out of 5.00 were obtained for the
validation process, affirming the feasibility of BIM integration in prefabricated
construction to improve the supply chain management process. Generally, the
experts agreed that the process map could be applied in other projects depending
on the nature and suitability of the projects. Thus, future works include testing the
process map in other case studies. This study contributes to a formalised process
in preparing, coordinating, and simulate relevant information for prefabricated
construction supply chain management.

Keywords: Building Information Modelling · Prefabricated construction ·
Supply chain management

1 Introduction

There is a growing interest in the Architecture, Engineering, and Construction (AEC)
industry in applying the prefabrication approach to improve the construction processes.
Prefabrication has been acclaimed as one of the means of reducing construction waste,

© Springer Nature Switzerland AG 2022
O. Ö. Özener et al. (Eds.): EBF 2021, CCIS 1627, pp. 53–68, 2022.
https://doi.org/10.1007/978-3-031-16895-6_4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-16895-6_4&domain=pdf
https://doi.org/10.1007/978-3-031-16895-6_4


54 K. N. Ali et al.

where one of the earliest studies had reported up to 84.7% of wastage reduction saving
for common construction materials [1]. Over a decade, other studies have explored and
affirmed the effectiveness of prefabricated construction in reducing waste, especially
timber formwork waste [2–5]. A recent study reported that this approach contributes to
a 15.38% reduction in construction waste [6]. In definition, prefabricated construction
refers to two main activities: the fabrication of components in a factory, commonly
known as off-site fabrication, and the assembly of components on a construction site
[7].

The prefabrication approach was introduced in Malaysia in the early 1960s with its
early implementation in housing development [8]. Its implementation evolved towards
high rise buildings, lightweight railway trains, and building complexes in the 1990s
and early 2000s [9]. Although prefabricated construction promotes the minimisation of
construction time by 50%, it was reported that the adoption rate is still low, with only
42% of public projects and 70% of private projects implementing this approach over the
decade [10].

TheConstruction IndustryDevelopmentBoard (CIDB) had introduced theConstruc-
tion Industry Transformation Programme 2016–2020 (CITP 2016–2020), where one of
its strategic thrusts aimed to improve the construction industry through the acceleration
of prefabricated construction [11].While the outcomes of CITP have yet to be published,
the management issues in handling prefabricated construction projects have been widely
discussed in recent times [12]. Managing such projects is more complex than conven-
tional ones as it deals with high initial investment and intricate delivery processes [13].
The fragmented delivery processes amongmany project stakeholders are considered one
of the main challenges in implementing prefabrication approach in construction projects
[14, 15].

An efficient supply chain management process has the potential in addressing these
issues [11, 16]. An effective supply chain management is capable of accelerating the
adoption of prefabricated construction. Building InformationModelling (BIM) has been
identified as one of the key enablers in construction supply chain management [17].
Digitalisation through BIM is beneficial in improving information exchange, decision-
making processes, and on-site production [18, 19].

Henceforth, this study aims to provide a process map that integrates BIM in the
supply chain management of prefabricated construction projects. This study focuses
on identifying the supply chain management in a prefabricated construction project,
followed by simulating the 4D and 5D BIM analysis.

The remainder of this paper is organised as follows. In the next section, past studies
are reviewed to discuss issues in construction supply chain management in the prefab-
rication industry and the capability of BIM as an enabler. The research methodology is
presented in Sect. 3. Section 4 discusses the development and validation of the process
map. The conclusion is set out in the final section.

2 Related Works

Issues related to prefabricated construction supply management and BIM implemen-
tation are reviewed in this section. The issues provide the direction of developing the
process map for this study.
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2.1 Prefabricated Construction Supply Chain Management

A supply chain consists of all activities involved in the delivery of products or services.
The number of organisations or individuals involved in the flow of products or services
from a source to a customer directly influences the depth of a supply chain [20]. A con-
struction supply chain comprises all construction business processes from the client’s
requirements, design, and construction to maintenance, replacement, and decommis-
sioning [21]. Managing a construction supply chain involves planning and controlling
human resources as well as utilising suppliers’ resources, infrastructures, and services
to meet the client’s requirements.

Supply chain management is an approach that originated and blossomed from the
manufacturing industry. One of the earliest implementations of this approach was in
the Just-In-Time delivery system in Toyota Production [22]. It was reported that hun-
dreds of millions of dollars had been saved through supply chain management in the
manufacturing industry [23]. Supply chain management can be defined as “the system-
atic, strategic coordination of the traditional business functions and tactics across these
business functions within a particular company and across businesses within the supply
chain, for the purpose of improving the long-term performance of individual companies
and the supply chain as a whole” [24].

Construction supply chainmanagement revolves around themanagement of informa-
tion and the flow of materials and monetary funds throughout the development of a con-
struction project. It is a systemwhere project stakeholders could coordinate and exchange
information to deliver the project [25]. In this system, the supply chain describes the
workflow between building owners, designers, consultants, main contractors, subcon-
tractors, and suppliers to create the proposed building [26]. Construction supply chain
management aims to improve construction productivity, create a competitive advantage,
and satisfy the client’s requirements at the most reasonable cost [27].

A construction project can be divided into several phases depending on its suitability
[23, 28–30]. Commonly, a construction project consists of five phases: concept phase,
procurement phase, production phase, installation phase, and completion phase. During
the concept phase, feasibility studies are conducted to identify the client’s requirements
[28]. A good communication platform is needed as financing issues are discussed in the
concept phase. Complete drawings and specifications are made available for tendering
purposes. In the procurement phase, the materials needed for the buildings are identified
accordingly. A detailed design that is aligned with the concept design is proposed. The
quantity, cost estimation, and specific requirements of the materials are also defined
in this stage. A wide variety of information is exchanged during this stage. Typically,
the information is fragmented due to the inefficiency of paper-based documents as the
medium for information exchange [31].

The main contractor is then responsible for the production phase where the materials
are classified as either off-the-shelf materials or prefabricated. The identification of local
and imported materials is also included in this stage. The main contractor is account-
able to request quotations from suppliers or subcontractors in selecting the appropriate
parties [32]. The historical data of subcontractors and suppliers from previous projects
is essential for better decision-making [33]. In prefabricated construction, the activities
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include the procurement, purchasing, and manufacturing of the components according
to the material scheduling [34].

Next, the installation phasemarks the commencement of the constructionworks. The
site organisation and subcontracting works are coordinated with the material scheduling
[30]. Architects and consultants should ensure that the materials or components are
similar to the original design and delivered precisely on time [28]. It is common for the
design or requirements to be revised during this stage. Therefore, the information must
be exchanged and coordinated efficiently between construction parties. In conjunction
with this, the main contractor is responsible for making decisions related to the on-
site operations, such as the transportation system, site layout planning, and component
handling [32]. The cooperation between themain contractor and subcontractors is crucial
in assuring the construction’s schedule, cost, and quality.

After the installation phase, project handover is carried out or also known as the
winding-up phase. The operation andmaintenance activities are then conducted [28]. The
building owners should keep information such as as-built drawings and specifications
for future references. Thus, it is advantageous to create a platform to manage and store
this information to be accessible whenever necessary.

2.2 The roles and Challenges in Construction Supply Chain Management

Since supply chain management is adopted from the manufacturing industry, its roles in
theAEC industry need to be defined to suit its purpose. TheAEC industry’s nature differs
from the manufacturing industry because it contains different stakeholders to conduct
numerous construction activities [35]. Four major roles of supply chain management in
the AEC industry are identified where it can be focused on the supply chain itself, on
the construction site, or both [23, 36–38].

Firstly, the construction supply chain management aims to improve the relationship
between site activities and supply chain. The material transfer from off-site manufactur-
ing to on-site assembling could lead to various concurrent activities [39]. The main aim
of supply chain management is to avoid errors and reduce the duration of the activities.
Themain contractor has the strongest influence to efficiently administer the flowbetween
manufacturing, delivery, and assembly [40]. Secondly, construction supply chain man-
agement aims to enhance the supply chain by reducing logistics, delivery, and inventory
costs. The prefabricated suppliers can adopt this focus to improve their decision-making
skills and overall performance [25]. The third focus of construction supply chain man-
agement is to achieve a wider concurrency between activities with better planning [25].
However, it can be quite challenging due to many technical dependencies. The fourth
focus is to integrate and improve supply chain management in component production.
Supply chain management enhances the flow expeditiously with a lower consumption
rate of resources and ensures efficient layout management both on and off-site material
transfer within the network [39].

The construction supply chain is known to be fragmented,which has a direct effect on
productivity, cost, and schedule [41]. There are three ways fragmentation could occur
in the AEC industry [41–43]. First, fragmentation occurs in the construction phases.
There is a separation of information delivery within the construction phases. Secondly,
fragmentation exists in different groups of project actors due to poor communication.
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Thirdly, fragmentation arises due to a lack of understanding and standardisation between
projects. Although fragmentation commonly occurs in a construction project, there is a
strong connection or interdependence between each fragment [42]. As the activities, pro-
cesses, and operations overlap between phases and actors, efficient information exchange
is crucial in addressing the fragmentation issues [44].

2.3 Capabilities of Building Information Modelling (BIM) in Construction
Supply Chain Management

BIM revolutionalises the AEC industry by granting a single digital platform for infor-
mation management and exchange, coordination, and collaboration [45]. The integra-
tion of BIM in construction supply chain management is necessary to facilitate inter-
organisational communication [46]. The attainment of this integration is regarded as the
panacea for better performance and achievement of long-term objectives [31]. Integrated
systems that assist collaboration and coordination could allow timely knowledge and
information sharing [47]. Seamless and timely information exchange is the most critical
success factor in integrating BIM in construction supply chain management [13].

Themain principle of construction supply chainmanagement is to recognise the inte-
gral management of suppliers and other relevant parties in delivering valuable products
or services through a centralised and coordinated platform [48]. BIM is a crucial collab-
orative system that could facilitate the construction supply chain in achieving integrated
practice [31]. A centralised platform for digital information exchange could eliminate the
inefficiency of information flow in the supply chain [49]. Past studies reported improved
design coordination, effective communication between stakeholders, and risk reduction
through BIM adoption as potential issues could be detected earlier [13, 50]. In prefab-
ricated construction, an integrated BIM-based construction supply chain management
helps in reducing the procurement and fabrication time [13] as the overall activities are
well-coordinated [51].

BIM solutions can create and operate on digital databases where changes could
be managed efficiently and coordinated in all parts [45]. This information could be
utilised as lessons learnt, which are beneficial among supply chain actors for continuous
improvement [52, 53]. Interoperability is a primary component in facilitating informa-
tion exchange. Interoperability refers to data competency between different BIM plat-
forms to support a collaborative working environment among project participants for
better design and construction management workflow [45]. In RIBA Plan ofWork 2020,
interoperability and collaboration issues are emphasised where architectural and engi-
neering information must be spatially coordinated before providing detailed information
for manufacturing and construction [54]. This coordination provides visualisation for
designers in analysing multiple design solutions [45, 55].

In addition to interoperability, standardisation plays an important role in implement-
ing BIM successfully in prefabricated construction projects. Standardisation is acquired
through classification systems that organise entities based on the design, construction,
and management processes [56]. Object libraries can be generated from the entities and
further utilised for information management [57]. The most common BIM classifica-
tion systems are OmniClass™ and Uniclass™ [58]. The purpose of each classification
system determines the most appropriate classification to be applied in a BIMmodel [59].
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BIM application could act as an early-cautioning and problem-solving mechanism
for the supply chain network [52]. BIM-based collaboration using 4D and 5D could
enhance the communication environment, for instance, the change of building materials
could be simulated in the design stage to observe the effects on costs and time [60].
A project team often encounters various problems related to budget, work schedules,
risks, and uncertainties during the construction or installation phase. These hurdles could
impact the safety and quality of the project. Thus, a 5D model could be developed for
budget controlling [61]. Through the 5D BIM application, design mistakes or omissions
could be identified, and cost amendments could be conducted accordingly. Potential
solutions to any conflicts and clashes could also be visualised and developed during the
coordination process [55]. In summary, the information in a BIM model along with the
4D and 5D BIM analysis is beneficial in facilitating seamless prefabricated construction
supply chain management.

3 Methodology

Based on the knowledge gaps, this paper attempts to achieve the following objectives:

1. To identify the necessary information for prefabricated construction supply chain
management in a BIM-based environment.

2. To develop and validate a BIM-based process map for prefabricated construction
supply chain management.

A design science research (DSR) methodology was adopted in this study to achieve
the research objectives through an objective-centred solution [62]. This study was moti-
vated by a research collaboration between academia and industry to develop an artefact
in the form of a process map. The artefact was constructed through a qualitative case
study approach and further demonstrated and validated.

A 28-storey commercial building was selected as a case study, courtesy of the con-
struction developer involved in this research collaboration. Since this building was not
built through a prefabrication approach and BIMmodels are commonly considered intel-
lectual property [45], the building design was remodelled in Revit® 2020 to model the
prefabricated components. All techniques and approaches in this study acted as the basis
in developing the BIM-based process map for prefabricated contruction supply chain
management. Subsequently, this process map was validated by six experts consisting
of one planning manager, one BIM coordinator, two civil engineers, and two quantity
surveyors. The process map was validated in terms of its usability, accuracy, reliability,
and improvement to existing practice based on a 1 – 5 Likert scale (1: strongly dis-
agree, 5: strongly agree). Their feedbacks and suggestions were also acquired during the
validation process.
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4 Results and Discussion

A process map was developed which includes the overall tasks that were carried out in
this study from the modelling process until simulation process. The development and
validation of the process map are discussed in the following subsections.

4.1 Development of Process Map

Figure 1 presents a process map that consists of 3D, 4D, and 5D modelling. The 3D
modelling represents the creation of necessary information including object geometries
and semantic information, the 4D modelling represents the simulation and manipula-
tion of time-related information, and the 5D modelling represents the simulation and
manipulation of cost-related information. The process map was implemented in the case
study, where the problems and challenges faced were used as lessons learnt to improve
the sequence of tasks in the process map.

In this study, the design process initiated with the 3D modelling where project and
families were created in Revit. This process was highly iterative in this study due to the
challenges in designing a whole building with prefabricated components. The first chal-
lenge was to determine the maximum dimension for the components to avoid logistics
issues. It was determined that the length of a component should not be more than 15
m, and the span should not be more than 4 m. The second challenge emerged during
the modelling process in Revit. Generally, Revit contains system families and loadable
families. System families such as wall, floor, room, and topography family pre-existed
in Revit while loadable families are created in separate files and loaded into the build-
ing model. Loadable families consist of building components such as doors, windows,
columns, and beams. It was analysed that the system families were not suitable to be
applied for prefabricated construction as they were built upon the parametric modelling
technique. Thus, all components were created using the loadable families option. The
application of loadable families posed another challenge where the families must be cre-
ated with precise dimensions as they were not adaptive to design changes, unlike system
families. The families and their respective parameters were equipped with accurate and
reliable information for the supply chain management.

A total of 405 families were created in this study comprising six categories: precast
column, precast beam, precast slab, precast wall, precast stairs, and precast ramp. Each
family was assigned an OmniClass™ Number, OmniClass™ Title, and a specific code
name for standardisation purposes. The standardisation of building information was
essential to ensure accurate information exchange for the supply chain management.
OmniClass™ classification system was chosen as Revit contain a built-in OmniClass™
taxonomyfile in all families [63].Generally, the code names represented the family types,
relevant dimensions, and even the shape of families in some instances. For instance, the
precast column families were divided into ‘CR’ (rectangular column) and ‘CS’ (square
column). An overview of the families is presented in Fig. 2.
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Fig. 1. BIM-based prefabricated construction supply chain management process map

The relevant information was stored in shared parameters to allow the utilisation in
multiple families and projects. Seven groups of parameters were created in this study in
which three groups were created for dimension-related information while four groups
focused on cost-related and constructionmanagement-related information. These param-
eterswere added into the project or relevant families to be used for the scheduling process.
The example of shared parameters in a stairs family is illustrated in Fig. 3.
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Fig. 2. Overview of prefabricated families

Fig. 3. Example of shared parameters in a stairs family

The costs of prefabricated components were obtained through the preparation of
built-up rate for the prefabricated families. Dynamo scripts were developed to automat-
ically add and calculate the costs of all prefabricated components as well as exporting
the schedules into Microsoft Excel. The completed BIM model and the schedules acted
as references for creating a work programme in Primavera, which marked the start of
4Dmodelling. A zoning technique was applied to simulate a more practical construction
work sequence. It could promote a better construction process by managing the delivery,
storage, and installation of the components. Figure 4 provides an example of a floor level
that was divided into four zoning areas.
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Fig. 4. Zoning areas

The BIM model, work programme, and schedules were then utilised for 4D and
5D BIM analysis. Initially, the BIM model in Revit was exported into.nwc file format
to allow the conversion from Revit to Navisworks Manage. Once this formatted model
was loaded into Navisworks Manage, it was saved as .nwf file format. The construction
tasks were then added into the Timeliner tool in Navisworks Manage. There were two
options available in adding the tasks: (1) importing data sources from Microsoft Project
or Primavera, (2) or manually adding the tasks in the Timeliner tool. Although the work
programme was created in Primavera by an experienced project manager, the second
option was chosen in this study as it required authentication to import the file and
Primavera was not accessible by the BIM modeller. Next, the Sets were created and
attached into the Timeliner tool. Subsequently, the 4D simulation of construction tasks
was automatically created and tested. Accordingly, the costs from the schedules were
added into each task in the Timeliner tool for 5D simulation. Figure 5 illustrates the
timeliner tool. The final task was to save the model and export it to necessary files.

Fig. 5. Timeliner tool in Navisworks Manage

Six outputs were produced through the implementation of process map: BIM model
(.rvt), schedules (.xlsx), work programme (.xer), BIMmodel (.nwd), 4D and 5D simula-
tion video (.avi), and timeliner schedule (.csv). The BIM model in Revit could provide
standardisation of information that can be used throughout the project lifecycle from
the concept phase until winding up phase. Since the schedules in Microsoft Excel and
the BIM model in Navisworks Manage were exported from Revit, all parties could
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coordinate and exchange information accurately. The schedules could be utilised for
the procurement, production, and installation processes. The work programme, time-
liner schedule, and the BIM model in Navisworks Manage could be used to plan and
track the progress on and off-site efficiently. In addition to this, all project stakeholders
could visualise and review the construction through the simulation video, improving the
communication between parties.

4.2 Validation of Process Map

The process map was validated by six experts based on its usability, accuracy, reliabil-
ity, and improvement to existing practice. The process map was first explained to the
experts along with the demonstration of BIM modelling in Revit and BIM simulation in
Navisworks Manage. Subsequently, the experts validated the process map by providing
feedbacks and filling out a questionnaire consisting of Likert scale questions (1–5).

The validation results indicate high mean ratings ranging from 4.06 to 4.58 out of
5.00, as shown in Table 1. The experts believed that proficiency in BIM, especially in
Revit and Navisworks Manage, is required to utilise the process map comprehensively.
One of the experts suggested that a user manual should be produced to accommodate the
implementation of the process map. This suggestion could be further explored in future
works.

An expert, a BIMmodeller, commented that the flow of activities for 3D, 4D, and 5D
visualisationmight vary according to the constructionprojects.Another expert also stated
that while this process map could be applied to other projects, adjustments to the flow of
activities will be inevitable to suit the nature of the projects. This expert highlighted that
although the fundamental principle of a design process remains unchanged, differences
could occur in terms of the site location, storage availability, and the prefabricated
components’ specifications. In another point of view, an expert emphasised that precast
manufacturers usually used Tekla Structures for their design. Nonetheless, this expert
agreed that Revit is commonly applied among various construction parties; thus, a much
more reliable platform compared to Tekla Structures.

Table 1. Mean ratings for validation

Criteria Description Mean

Usability To assess the overall display, flow of activities,
and the ability to use the process map

4.29

Accuracy To assess the accuracy of the flow of activities
and outputs produced in the process map

4.30

Reliability To assess the reliability of the process map to
be applied to other construction projects

4.58

Improvement to existing practice To assess the efficiency of the process map to
assist construction players in improving the
supply chain management

4.06
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Lastly, the ability of the process map to improve the existing practice was validated
with a mean score of 4.06. One of the experts stated that BIM application could assist in
monitoring the supply chain management for the fabrication, delivery, and installation.
Another expert suggested that the workability of the process map could be tested in other
projects. An expert highlighted that the 3D, 4D, and 5D modelling should be explicitly
described to ensure proper implementation of the process map.

5 Conclusion

This paper presents a process map that integrates BIM in prefabricated construction
supply chain management. Through the development of the process map, it is concluded
that the design process is an important phase to enable the integration of BIM in the
prefabricated construction supply chain management. This is because seamless coordi-
nation, visualisation, and communication are only achievable if the project stakeholders
could utilise accurate and standardised information in the BIMmodel. Thus, four crucial
aspects to be addressed during the modelling process are identified as the following:

• Prefabricated components are confined to dimension limits due to logistics and trans-
portation purposes. Therefore, it is vital to determine the allowable dimensions of the
components before designing.

• Creating prefabricated components in a BIMmodel differs from conventional projects
as BIM software applications are built upon a parametric modelling technique. The
components must be modelled through loadable families in Revit.

• As the loadable families are not adaptive to changes, an iterative process in designing
the building is inevitable. Standardisation through the application of the OmniClass™
classification system and code naming should be applied to allow information tracking
for any design changes.

• Planning the procurement, manufacturing, and delivery of prefabricated compo-
nents could be a challenging process. Thus, a zoning technique should be applied
to segregate the workflow and construction sequence.

The process map could act as a specific guideline for stakeholders to implement BIM
efficiently in prefabricated construction projects. Designers could refer to this process
map to create necessary information for the supply chain management. The BIM out-
puts comprising the BIM models in Revit and Navisworks Manage, work programme,
detailed schedules, 4D and 5D simulation, and a timeliner schedule could provide accu-
rate and well-coordinated information throughout the entire project lifecycle. While the
validation results affirm the feasibility of the process map, future studies may include
applying the process map in other case studies to test its workability further.
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Abstract. Building InformationModelling (BIM) has been upscaling throughout
the years being highly interoperable. In modular construction, projects have lim-
ited scope for alterations at later stages because of exorbitant costs. It is preferable
to start with an accurate andwell-established platform that will automatically clear
obstacles at later stages. As with any project, risks are to be encountered. In this
study, FacilitiesManagement (FM) risks are analyzed and BIM-linked approaches
are brought together as a guide. The input was derived from a literature review and
given the limited studies performed in this scope, interviews with six experts who
also validated the outputs have boosted overall quality. Since the modular sector
has not yet witnessed early FM integrations with BIM platforms, this investigation
had as aim to pave the path for this subject. For modular construction projects to
perform to their full efficacy, early involvements are the key. In the study, sub-
categories that involve maintenance of module and space management, energy
analysis, quality and safety were deemed as major contributors to FM risks if
not handled correctly. Being interconnected, cost, scheduling, and quality equally
impact the project. For instance, without prior planning for accessing faulty facili-
ties, the facility manager in charge would dedicate more time to figure out another
path that could hinder designated quality standards. BIM integration acts as visual
aid and database containing project attributes. This study forms simplified guides
with suggestions on BIM platforms that modular construction projects can adopt
for tackling FM risks while early integrating designers with facilities managers.

Keywords: Modular construction · Off-site construction · Facilities
management · Building information modeling · Risk management

1 Introduction

The construction industry has experienced a major upgrade with a growing interest in
modular construction. In the past, conventional construction methods have reigned over
for the majority of the Architecture, Engineering and Construction (AEC) industry’s
timeline. Nowadays, traditional methods of construction do not meet the expectations
of society while causing an increase in the construction period, loss of materials, low-
quality outputs, and a rise in construction cost [1]. This has in turn diverted a lot of
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attention to more efficient methods such as off-site construction which is also called
modular construction. If carried out properly, modular construction deems as a faster,
more efficient, cheaper, and eco-friendly method that has the capabilities to tackle labor
issues in the construction industry [2].Moreover, modular projects ensure that themajor-
ity proportion of a project is achieved off-site before being transported to the site and
completing the finishes.

However, the implementation of ‘stick-built’ methods in modular construction has
resulted in the inability to witness the efficiency of this highly capable method of con-
struction. Modular construction is deemed as a technique enabling fruitful outcomes in
a short time span. Having the ability to replicate modules and with all organizational
levels involved at a workstation, considerable time is saved. Being under a roof, most
of the time, hinders various health and safety hazards, weather limitations, scheduling
issues, and quality impacts. But as with any project, the probability of risk occurrence
exists even though not severe. To maximize the correct implementation of this highly
powerful construction technique, it is of utmost importance to have structured guidance
for individuals in the industry at all organizational levels.

Building InformationModelling (BIM) has often been labeled as a platform enabling
digital visualization of the physical and functional properties of a building [1]. Inmodular
construction incorporated with BIM, the organization of activities like planning, design-
analysis, development of drawings, fabrication schedules, and construction schedule is
facilitated [3]. The choice of linking BIM in this study is justified by the platform’s
ability to accurately portray the location of components, for example, in a module along
with the relevant documentation; based on the virtual BIM collaboration database, form-
ing part of the digital twin model. Introducing facilities management (FM) early in the
project will potentially reduce the efforts for maintenance during the operational phase
of facilities while simultaneously mitigating risks. This area of study has few initiatives
that were undertaken in the construction industry [4]. BIM being model-centric and hav-
ing an object-driven core, its nature reduces the low-value production-related activities
performed by the designer [3]. There is also a limited number of investigations that have
applied BIM to deal with FM risks in modular construction projects [5]. Hence, the
research objective of this study is to provide a guide regarding incorporating BIM to
ease the integration of facilities management at the design stage of modular construction
projects for tackling FM risks.

2 Research Methodology

This study has pursued a qualitative research structure which consists of a systematic lit-
erature review and semi-structured open-ended interviews. Figure 1 below demonstrates
the stepwise process adopted in this study.
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Fig. 1. Methodology process in this study

In performing the systematic literature review, criteria considered for the literature
consisted of any year range, English language, journal articles and conference proceed-
ings. The search for eligible literature was performed via Web of Science and Scopus.
These platforms ensured grasping all recent and updated literature on the specified topic.
Keywords such as “facilitiesmanagement”, “modular construction” and “prefabrication”
were initially inserted. With the results attained from 57 articles, the search within this
pool of studies was further narrowed down with the keyword “BIM”. A specific list of
6 articles was directly linked to the scope of this investigation. Hence, conference pro-
ceedings were taken on board the literature review adding to the journal articles found.
After thoroughly analyzing the abstracts, the studies were confirmed and added to the
input source of this investigation. Mendeley was used to store and navigate through the
literature.
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It is also worth mentioning that the literature hunt was still very narrow, and this has
led to opting for an additional source of input. Hence, interaction (i.e.; semi-structured
interviews) with six experts aided to fill the gaps encountered in the literature review. The
selection criteria included havingmore than 5 years of experience in the AEC sector with
a focus on BIM and modular construction as well as at least a Bachelor’s degree in engi-
neering or architecture. Due to the ongoing pandemic, the interactions were all virtually
executed, and experts’ geographical locations included the USA, Canada, Turkey and
Australia, and Saudi Arabia. Interviewing with experts from different countries ensures
the collation of various insights that may aid in identifying particular issues on the facil-
ities management risks in the BIM-based modular construction projects. The choice for
adding those six specific experts in the input source driving the goal of this study is
due to their qualifications, current role in the AEC industry and applaudable years of
experience in the sector as demonstrated in Table 1 Interviewee’s profile below. BIM
Manager, BIMConsultants, BIMCoordinator, BIMLecturer, Facilitiesmanagement and
Construction Manager, and a Chief Executive Officer for a BIM management platform,
with experience, were defined as potential candidates for the semi-structured virtual
interviews. It is to be acknowledged that all members of the panel of experts have come
across implementing the BIM platform in the design phase for a smooth-running project.
However, facilities managers were not included yet in collaboration with designers, in
modular construction projects, based on the experience of the experts.

Table 1. Interviewee’s profile

Expert no. Qualifications Job position Years of
experience in AEC

Country

E1 MSc Architecture BIM consultant &
Lecturer

6 Australia

E2 BSc Mechanical
Engineering, MBA

BIM coordinator 18 Turkey

E3 MSc Civil
Engineering

BIM consultant 10 Canada

E4 MSc Construction
Management

BIM project
manager

10 Turkey

E5 BSc Mechanical
Engineering, MBA

Facilities &
Construction
manager

29 Saudi Arabia

E6 MSc Civil
Engineering

CEO & Co-founder
(BIM management
platform)

22 USA
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Further to the input received, simplified illustrations were formed for the sub-
divisions which are maintenance of module & space management, energy efficiency,
quality guarantee & safety in operation. These are further elaborated in Sects. 4.1–4.3.
To ensure the quality of output, the illustrations were shared with the experts for vali-
dation. Upon this phase, critical reviews were received. Those were debated further in
Sect. 4.4 and amendments in the study’s outputs were undertaken as needed.

3 Facilities Management Risks and Risk Factors of Modular
Projects

Every project comes with risks and risk management approaches help tackle the latter to
mitigate unwanted consequences.While cost and schedule risks in BIM-based investiga-
tions have been attracting a lot of interest, facilities management risks were significantly
overlooked [5]. Hence, this study has as an initiative to pave the path for dealing with the
latter with a more efficient approach by including BIM platforms. Table 2 below shows
the identified risks and the risk factors in modular construction projects based on virtual
open-ended interviews with three experts.

Table 2. FM risk and risk factors based on experts’ interactions

FM risk category Risk factors

Space conflicts Inaccessibility to heating, ventilating and air conditioning (HVAC)
Lack of storage space for machinery

Cost overruns Maintenance at the operational stage demands a lot of input if no
prior consideration is given at the design stage

Schedule delay Increased time required for the fixtures due to no set plan for the
facility manager to reach the faulty facility or access the documents

Halted functionality Efforts to find the previous record of maintenance, stopping the
functionality of the facility until fixed

Quality impaired Without a history of material initially used at the design stage, FM
will look for reachable alternatives and, in some cases, not meet
initial standards

Health and safety hazards Occupants’ health affected by improper facility setups
No planned emergency evacuations

Given the fact that most modular construction projects are established to a large
percentage within common compounds, individuals from every organizational level of
the project find themselves at common workstations giving rise to undesirable inconve-
niences due to lack of planning. With an integrated use of knowledge management and
BIM, failure root causes are detected which could help deal with FM risks at the starting
phase itself [6]. At the same time, while having input from the FM team, the design
team can allocate space as per the requirement for accessibility to components such as
heating, ventilation, and air conditioning (HVAC). Similarly, space should be allocated
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for the storage and operation of machinery and emergency evacuations areas [4]. This
early consideration shall diminish the investment that would be otherwise required in
the future stages such as operational.

Cost overruns are a project’s biggest obstacle. The factors which negatively impact
cost, as identified in the investigation [2], include lack of data regarding components,
history archives, inadequate consideration for fire hazards early on, and lack of organi-
zation in the documentation. This statement fits in line with the concept of this study
regarding the early and well-established inclusion of the mentioned contents. Risks do
pose cost overruns regardless of which category is being dealt with. With an analysis of
risk factors, detailed insight is achieved to reach the root cause.

Space conflict risk is interconnected to the cost overrun and scheduling risks. Main-
tenance of components without prior set plans will require a guide at the operational
stage for FM to be able to successfully handle the faulty element. Upon handling the
issues, documents such as warranty, manuals, and maintenance records contribute to
smoothing the path a facility manager sorts out. Unless a very well-arranged platform
was early on established with all attributes, the functionality of the related component
will be halted. It should also be acknowledged that with limited content about a facility,
the maintenance procedure shall have a goal to resolve the issue in the least time possi-
ble. This in turn indicates that quality can be at risk. Without the know-how on which
specifications were taken into consideration for meeting quality standards at the design
phase, the facility manager is left with the most convenient choice to integrate the option
deemed as the most feasible in that period.

As a faulty facility demands the attendance of a facility manager instantly, the com-
mon strategy of work lacks a pre-defined path for reachability. This leads to time dedi-
cation in figuring out the latter as well as halted functionality. With such a dilemma, the
most preferable option for the facility manager is to find alternatives as per the availabil-
ity. A crucial lacking here is the quality standard initially promised. As such, the cost
involved, time spent, and quality impairs each demonstrates how they are interlinked.

Furthermore, the health and safety of occupants, which is a very delicate aspect, can
be prone to drawbacks with improper facilities’ setup [7]. Having individuals perform
tasks whereby they have no expertise can lead to undesirable consequences. When it
comes to the health and safety of all individuals and occupants in a project, a significant
dedication to prioritize the latter is expected in the AEC industry. Integration of facil-
ity managers at the design phase, which is meant to create a solid foundation for the
upcoming stages of a project, will ensure that there is little to no degree of ignorance
regarding the health hazards. Perhaps, the use of interfaces to predict safety measures
could attend to this risk outstandingly.
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4 Achievements from Facilities Management Inclusion
at the Design Stage of Modular Construction

Facilities managers have responsibilities to ensure the proper functioning of services
and management of overall building performance. Modular constructed projects consist
of a different overall flow as compared to conventional construction. During site devel-
opment, modules are being constructed simultaneously and a team deals with inventory
intakes with labor forces at each workstation. As compared to conventional construction,
the site is developed, and the team then proceeds with the construction of the building
[2]. Being very fragmented and dependent on each stage’s completion to proceed, the
conventional method of construction has a slot for tackling each risk. However, in the
modular construction process, with the simultaneous ongoing of major processes, the
risks that are encountered have a narrow gap for mitigation in the fast-paced approach.
Figure 2 below shows the common flow of modular constructed projects alongside FM-
related risks coming along each phase. With the integration of FM in the design stage,
the identified risks can be largely hindered. This is indicated in Fig. 3 whereby the
benefits which will be seen during the maintenance phase are shown. The concepts for
achieving Fig. 2 and 3 were based on literature review and interviews with experts. It
can be deduced that the integration depicted has noteworthy aspects when it comes to
boosting overall quality while achieving the project in the promised timeline and within
the budget.

Planning  & 
Designing

Module 
construc on & 

site prepara on

Transpor ng 
modules & 
installa on

Occupying Maintaining

FM Risks carried along:
• Space conflict
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Fig. 2. The common flow of modular construction with FM risks faced
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Fig. 3. The improved flow of modular construction with FM integration at the design stage
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5 BIM Integration Process with FM and Design Team

BIM’s linkage to the collaboration between designers and facility managers is mainly in
the form of a visual platform and a collaborative database which will be of utmost usage
throughout the lifecycle of the modular construction project. In this study, the thorough
input gathering from literature reviews and interactions with experts in the industry
has enabled derivations of concise illustrations on what content is to be communicated
early on and how the BIM collaboration platform will handle the latter. Due to each
project coming with its own specificities, accuracy in software to incorporate was not
investigated to a large extent. Nevertheless, by familiarizing the teamwith the idea of this
workflow and BIM inclusion, a shift in mindset shall automatically lead to more efficient
task execution. The design team is responsible for analyzing the chosen FM personnel
based on their contributions at design team meetings, education level, training taken,
experiences andwork ethics [8]. Furthermore, achievements of adopting such aworkflow
are also stated based on the findings in this study. To achieve the latter successfully,
facilities managers with experience in past maintenance issues should collaborate in the
development of a database alongside design professionals. The designers are in the best
position to translate the operational insight into the optimized design considerations [9].
It is crucial for clients also to provide more incentives and clarity for the successful
collaboration of FM and designers. A general idea of the expected connections and
phases is portrayed in Fig. 4. This illustrationwasmounted upon analyzing the systematic
literature review and semi-structured interviews in this study.

Fig. 4. The link between FM and the design teams with data exchange and achievements
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5.1 Maintenance of Modules and Space Management

Having a 3D model of the building using Revit, which is often the default platform
for modeling [10], FM maintaining the structure will have access to the properties of
each component along with the exact location and reachability. Adding on to the latter,
a specific route can be planned out to access the facility [11]. Often known as ‘walk-
through’, it is possible for users to virtually navigate through the 3D model and select
specific components to view its properties. On top of this, the safest and most efficient
path to take in reaching the faulty element is also provided to the FM. By so doing,
time otherwise spent to figure out access to the faulty facility and the hazards on the
way are significantly reduced. Further, it will be of advantage to know beforehand what
equipment or aid is needed to accommodate the maintenance process. For example, the
location height of the latter is accurately available in the 3D model, hence the provision
for accessibility can be made accordingly.

Once the core of the matter is tackled, documentation and paperwork come next. By
having a fully prepared platform from the design stage with BIM–enabled collaboration
(e.g., ShareBIM, Archibus, and CAFM), each facility will be allocated a unique ID or
code which upon scanning leads to the availability of all documentation. This renders
the planning stage for a facility manager smoother by being virtual and more estab-
lished. Paper works include but are not limited to, warranty documents, user manuals,
maintenance history reports, and vendors’ details [4]. Once the facility is attended by
a facility manager, the latter will also be responsible to insert the modifications details,
date, and current performance in the BIM-enabled collaboration platform. Figure 5
below depicts the flow of BIM integration for handling the maintenance process more
efficiently. This figure was derived based on the study’s methodology which included
open-ended interviews with experts and an analysis of the literature review. This process
shown is expected to be repeated throughout the project’s lifecycle which will hence
lead to fewer redesigning issues and costs incurred.

Fig. 5. The flow of BIM integration for maintenance efficacy
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5.2 Energy Efficient Approach

The establishment of energy analysis pre-construction is deemed an expen-
sive/unaffordable task and requires the validation of various energy-efficient alternatives.
Thus, many projects are carried out without prior consideration of energy analysis [4].
With the usage of BIM, the collaboration platform and 3D model shall render the task
more efficient and organized by providing relevant details hassle-free. An example of
energy analysis software that can be used is Autodesk Revit or ArchiCAD. The latter
is among the most popular software for BIM design and has the Industry Foundation
Classes (IFC) certification of buildingSMART [12]. With the possibility of data loss, a
federation environment, e.g., Solibri, can be used. Hereafter, the design team and FM
shall create detailed energy-efficient alternatives including but not limited to HVAC,
roofing, lighting, and internal and external walls, based on their previous experiences.

When it comes tomaking decisions concerning HVAC alternatives, efficient material
choices and design structure, the early-on lifecycle cost analysis is of utmost importance
for clarity to avoid any long-term effects [13]. Energy analysis software such asAutodesk
Insight and EnergyPlus provides a wide array of options for external and internal walls
meeting energy-efficient standards. Similarly, energy-efficient lighting options can be
investigated by both parties and come to a final choice that fits the project’s demands as
well. The inclusion of FM having experience can act as a guide for deduction of cost
analysismore accurately at the design stage.Moreover, awide portion of the construction
industry has gotten rid of the thought to deliver a facility at its lowest cost, instead, there
is a greater urge to consider the cost over the whole life of the facility [8].

Once the energy analysis is performed, an energy consultant comes into play to
validate the proposal so that the latter can be finalized for construction [4]. This step is
crucial to guarantee that the tested alternatives are suitable for the project’s criteria and
shall not pose upcoming hurdles with huge cost overruns. The process of performing
an energy analysis with validation at the design phase is shown in Fig. 6 below; derived
from this study’s methodology process. The latter can simultaneously aid in eradicating
the risk of quality impairment due to a lack of prior planning. All details and options
discussedwith both FM and designers are inserted in the collaboration platformwhereby
no individual or phase of the project is left without awareness of workflow. If needed,
when reverting for maintenance, the facility managers would know exactly the choice
initially approved and ensure that similar quality standards are re-met when carrying out
the fixtures.
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Fig. 6. Pathway to achieve validated energy-efficient design

5.3 Quality Guarantee and Safety in Operation

The use of BIM in the early stages of a modular construction project eliminates conflicts
occurrence while acting as a clear visual guide for FM. BIM and FM integration has
resulted in a centralized system where it is easier to access and maintain all components
in a building [11]. The cost that would otherwise be needed to individually attend to
the components can be avoided in this case. As mentioned earlier, BIM platforms are
visual aids to FM with colored components and simplistic representations which ease
spotting faulty elements. FM need not go through intensive training for understanding
the models. This boosts the confidence of the FM team to adopt the platform and be sure
of the workflow along with what to input at which stage. Any changes deemed necessary
by FM shall be instantly effective on the BIM model and the concerned elements which
saves a considerable amount of time as opposed to editing each element one by one.
With automated possibilities, human errors are eradicated, and consistency develops in
the quality standards.

The safety aspect of a project is a fundamental consideration that is directly linked
to the performance of the structure and the well-being of occupants at later stages. With
faulty installations or choices, the occupancy stage can face major setbacks. These can
directly impact occupants and lead to a chaotic project which shall demand more finan-
cial input and lead to halted functionality. While having a project fully entrusted to BIM
platforms, as an example, fire evacuation plans can be simulated in the 3D models early
on. Once parameters such as time and route for exiting the building are retrieved, FM and
designers can come to a consensus on where to place smoke or fire detectors. Similarly,
assembly points and the optimized path for reachability are pre-decided meticulously.
Since this process is based on the technical platform and not individuals’ previous expe-
riences, the accuracy of results is of higher reliability [11]. Figure 7 below demonstrates
the linked scopes with the BIM 3Dmodel and relevant outputs which optimizes quality;
as concluded from experts’ interactions and the literature review forming part of the
methodology process.
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Fig. 7. Scopes directly linked to 3D model for quality and safety assurance

5.4 Analysis of Validations from Experts

The outputs of this study were shown to the panel of 6 experts (i.e., BIMManager, BIM
Consultant, BIM Coordinator, BIM Lecturer, Facilities management and Construction
Manager, and a Chief Executive Officer for a BIM management platform) for valida-
tion. Table 3 below depicts comments from experts about the main subject targeted with
an in-depth focus on some elements, along with the action taken in this investigation
accordingly. As expected, experts have fully agreed on the integration of FM with the
design team to mitigate possible FM risks. It was suggested that the client could provide
better incentives for this successful integration. The statement of FM having no BIM
knowledge has not been evaluated fully. The target of such integration should be tackling
this issue to some extent, upon adoption by project team members. All suggested plat-
forms were investigated and added accordingly to the simplified figures in the output
for each sub-section. As for highway rules, the scope of this study dealt with indoor
spaces management and maintenance, hence this point did not lead to alterations in the
output. For energy analysis, it was pointed out by an expert that BIM models would not
support live energy analysis. With due respect to the statement, this study suggests that
EnergyPlus and Autodesk Insight could be used with the BIM model to achieve energy
analysis. Another point that was debated is the fact that changes such as displacement
of objects in the space would not be updated in the BIM model. The minute details are
believed to not cause significant obstacles to the optimized path for reaching a facility.
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Table 3. Comments during validation step from experts regarding output of study
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6 Conclusion

The facilities aspects of a project are usually not thought of until the operational phase
is reached. This is the reason why abundant projects witness hurdles at the later stages
and the financial demands to tackle those issues are unbearable on many occasions.
In this study, sub-categories that fall under the Facilities Management of buildings are
each analyzed. These sub-topics: maintenance of modules & space management, energy
efficiency, quality, and safety, each involves FM risks which are also taken into consid-
eration for tackling. The integration of BIM is portrayed with the FM and design team
along with suggestions on which BIM platforms deem suitable for usage. BIM-linked
approaches that could help in mitigating the risks according to which sub-topic they fall
into, were discussed in Sect. 4 of this paper. From a wider point of view, having FM
work with the design team and contribute to sharing content based on experience could
diminish those risks. This is deemed as crucially important since modular construction
projects’ modifications at later stages would be unaffordable and not as flexible.

Space management, quality guarantee, energy-efficient measures, and safety consid-
erations are major sub-topics requiring attention early on. This investigation has shown
howBIMcollaboration platforms and an energy analysis software guide canmaintain the
quality of workflow consistently. In turn, the lifecycle of the structure is well-established
andminimal chances for future alterations exist.With the high collaboration possibilities
when a project starts from scratch with BIM, each organizational level is well versed in
overall processes.Additionally, the built-in intelligence ofBIMauthoring tools decreases
any design discrepancies [3]. Themain take from this investigation would highly empha-
size modular projects to integrate their FM efficiently with BIM platforms, at the design
stage, and ensure that the same team will be responsible during the operational stages.

The contributions of this study consist of illustration guides for each sub-category
analyzed (i.e., maintenance of modules & space management, energy efficiency, quality,
and safety) to visually create a flow of the process for key decision-makers. Being still a
new subject in the modular construction sector, this investigation is believed to simplify
the approach to tackling FM risks by early involvement of facility managers with the
designers, with BIM integration. Moreover, with qualitative results, understandability
levels of mostly all organizational bodies in the project shall be high. Based on the
experience of experts and academic content, the outputs have grasped both the industry
and academic perspectives, making for reliability in the content. The unique value is
indicated by the study’s goals of tackling FM risk in modular construction with early
involvement and BIM integration for a solid foundation throughout the lifecycle. Fur-
thermore, focus on the four subcategories which have major impacts on overall project
success were investigated separately.

In future studies, specific guides could be established with accurately defined soft-
ware within the BIM family and the inclusion of the whole lifecycle risks will be a ben-
eficial contribution to the industry. In the hunt for BIM-linked measures, options such as
laser scanning, Radio Frequency Identification (RFID), Augmented Reality (AR), and
Virtual Reality (VR) amidst others have applaudable potential. Case studies that include
the usage of those guides would then be reliable sources of validation. Clear evidence is
also retrievable regarding cost analysis and how early FM integration via BIM platforms
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opts in favor of cost control. As every project consists of varied criteria, the best-fit inte-
grations need to be discussed and consensus should be reached with all organizational
levels. To further support this, decision-making platforms produced based on systematic
and credible methodologies would be highly useful.
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Abstract. The construction sector carries many risk factors in terms of occupa-
tional safety. Many studies reveal that the use of Information and Communication
Technologies (ICT) is effective in reducing losses in the construction sector. Lately,
BIM (Building Information Modeling) has been deployed as one of the working
methodologies to tackle and automate safety measures in the construction indus-
try. Apart from other methodologies, safety information and risk factors are often
identified during the project design phases in BIM. Fostered with Augmented
Reality (AR) and Virtual Reality (VR) technologies, BIM can also efficiently
visualize such risks to prevent them. This study proposes a mobile application
called AG-IGU that incorporates a BIM-supported AR environment against the
risk of falling, which is the most common accident in construction projects.

Keywords: Building Information Modeling (BIM) · Occupational safety · Fall
risk · Augmented Reality (AR) ·Mobile applications

1 Introduction

Occupational safety is one of the risk factors in construction that causes time and cost
losses. The use of Information and Communication Technologies (ICT) is considered
effective in reducing losses in the construction sector and in other sectors [1], but it is
often inadequately used in the construction sector [2].

Building Information Modeling (BIM) has been recently considered one of the
encouraging technologies and working methodologies for tackling occupational safety
issues [3]. BIM is increasingly used in the construction industry and provides a common
platform for all project disciplines incorporating design, construction and management
processes. The BIM working method also supports the principle of Lean Construction,
which is a method of planning and controlling a project to improve its performance,
from design to construction. Both BIM and lean construction have basic principles of
minimizing cost, increasing efficiency and maximizing value creation [4, 5].

BIM-enabled occupational safety is often described as 8D BIM in which risk factors
are included in a BIMmodel as an additional dimension. BIM incorporates a framework
that detects risk factors at the design stages of a project and prevents the time and cost
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losses that can take place. This is different fromothermethods that dealwith occupational
safety. Unlike BIM they tend to address occupational risks outside the project design
process causing unavoidable human and capital losses [2].

BIM is commonly used in conjunction with visualization technologies to address
occupational safety problems in projects. As such,mixed reality technologies are utilized
in AEC fields for some time, and they have become gradually matured to be deployed in
the visualization of BIM models. Among these, Augmented Reality (AR) technologies
have recently begun to be effectively used in the field of occupational [6].

This study proposes a mobile environment that incorporates a BIM-supported Aug-
mented Reality framework to prevent the risk of falling which is the most common type
of accident in construction projects. The AR technology, in particular, allows the inter-
action of BIM models in a physical environment and in real-time. It has considerable
potential for identifying risky scenarios in construction projects.

2 Occupational Safety in the Construction Sector

Occupational safety is to raise the physical, mental and social conditions of employees
in all professions to the highest level, to maintain them in this way, to protect them
from diseases that may be caused by working conditions, to place them in the most
appropriate occupational environments and to prevent the dangers caused by factors that
are against health during work. Occupational accidents pose a risk to human health, loss
of workforce that may occur as a result of death or injuries, and can cause psychological
and financial difficulties for both the employee and the employer [7].

The “Occupational Health and Safety” (OHS) is seen as a necessity supported by
certain standards and various regulations. Standards and regulations on occupational
safety are based on similar principles, and countries have adopted these regulations in
their own management forms over time. In the United States, the “Occupational Health
and Safety Department” (OSHA), the “National Institute of Occupational Health and
Safety” (NIOSH) under the Ministry of Health and Education carry out activities in
this field. In the UK, the Occupational Health and Safety Commission (HSC), General
Directorate of Occupational Health and Safety (HSE) and British Standards Institute
(BSI) operate related to Occupational Safety. The standardization system published
by BSI and called OHSAS 18001 is an international OHS (Occupational Health and
Safety) management system certification. In Turkey, the Ministry of Labor and Social
Security implements the “Occupational Health and Safety Directorate”. The OHSAS
18001 certificate is translated into Turkish and used as the TS 18001 standard.

The construction industry is one of the leading sectors in terms of occupational
accident rates. Risk factors in the construction industry cause the project to take longer
than planned and exceed the calculated cost. The report from HSE (Health & Safety
Executive) showed that the construction industry causes more fatal injuries and cost
losses each year than any other industry due to the lack of safety in the construction
industry [8, 9].

Many factors such as incorrect use of the equipment, insufficient use of technology,
environmental conditions, psychological, social and physical reasons can cause work
accidents [10]. Figure 1 shows the occupational accidents in the construction sector in
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Turkey. As seen, accidents caused by falls from a height are the most common occu-
pational accidents in Turkey. This accident type is also the highest encountered one in
the world [11]. Table 1 illustrates the subgroups of fall risk in the world. Among the
areas at risk of falling, it appears that the rate of falling from floor and platform edges,
scaffolding, building gaps and roofs is the highest [12].

Fig. 1. Distribution of common work accident types in Turkey [11].

Table 1. The distribution of the fall accident type subgroups [12].

3 Existing Studies for Occupational Safety in the Construction
Sector

There are a number of studies addressing occupational safety in construction projects
[13–15]. These studies often focus on risk analysis and security planning and measures.
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Studies focusing on safety planning generally consist of integrating occupational safety
training into the work program. When the existing security measures are examined,
personal protective equipment (PPE) comes as the most advanced measure. In addition
to these, other technologies used for occupational safety; 3D/4D computer-aided design,
laser scanning, QR code, RFID, robotics and automation, UAVs (Unmanned Aerial
Vehicles), WSDs (Wearable Sensing Devices), sensors and alarm systems are the most
commonly used technologies for on-site production and control [6].

The limited adoption of technology is seen as one of the potential risks that cause low
safety performance in the construction industry [16]. Most recent studies investigate and
propose technology-based solutions for identifying and taking measures against risks.
As such, the use of Building InformationModeling (BIM) for occupational safety studies
is a popular research topic lately [17–19].

Building InformationModeling (BIM) and related technologies have been utilized in
AECpractice since the early 2000s.ABuilding InformationModel is a three-dimensional
model consisting of graphic (geometry/shape, etc.) and alphanumeric (material, cost,
physical environment control, etc.) data related to the building, ensuring the common
use of this model by project stakeholders. This three-dimensional model can be used in
processes that include the entire life cycle of the project such as planning, design, project
design, construction and operation [20]. The information in a building informationmodel
can be used in different project contexts such as design/construction documents (2D),
multidisciplinary coordination (3D), scheduling (4D), cost estimation (5D), sustainabil-
ity and engineering analysis (6D) and facilities management (7D). The 8D BIM is a
relatively new use of BIM for occupational health and safety, and it is still evolving.
For instance, the work safety regulations in ISO19650, which is a series of interna-
tional standards that define the collaborative processes for the effective management of
information, are planned to be integrated with BIM applications.

One noteworthy feature of BIM is that helps identify and design health and safety
risks early in the project. It is possible to do Prevention Through Design (PtD) with
BIM to profile the hazard, provide safe design recommendations and control field risk
[21]. BIM and Design For Safety (DfS) are relatively new studies taking place today.
DfS refers to the determination of security zones that may pose risks for the project and
taking necessary security measures during the project design phase. The BIM working
method ensures that the project is located on a single platform from the concept stage
to the construction stage and most of the health and safety information can be created
directly in this environment [3].

Some of the studies that use BIM for Occupational Safety are explained here. Zhang
et al. proposed a control system that includes occupational safety criteria in the project
process by creating a business plan structure integratedwithBIM to reduce the possibility
of occupational accidents. The system checks themodel automatically, finds the gaps and
slab edges in the wall, covers the slab edges and wall gaps with railing and visualizes the
measures in the 4D time plan [22]. Hongling et al. investigated a system to automatically
identify unsafe design areas in construction. This study proposed a code system for
security measures to match BIM components [23]. Tekbas and Guven also conducted
a study intended to prevent fall hazards in construction projects automatically. The
“Automatic Fall Safety Control” (AFSR) tool developed in the study analyzes the 3D
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model and identifies the risky areas in the building. In this study, the as-built model is
compared with any model in the construction phase of the project, and spaces that are
not surrounded by walls are perceived as risk zones [24].

There are also studies exploring the use of mixed reality technologies such as Virtual
Reality (VR) and Augmented Reality (AR) in the context of occupational safety in
construction. Mixed Reality software offers an immersive realistic working environment
for BIM content.

The AR technology, in particular, has the interesting notion of displaying virtual in a
real environment and opens up new possibilities for the construction sector. It enables the
user to interact with up-to-date project information through 3D models in a real context
(the construction site) to cope and correct the problems before they physically exist in
the real-time visualization of a project [25, 26]. There are various studies that investigate
the use of AR for presentation, visualization and educational purposes in architecture
for field inspections and occupational safety in the construction industry and facilities
management [26–30].

AR technologies have also been gaining importance in the field of occupational
safety. It can be used to simulate risky situations that may occur in the project area and
to increase the awareness of employees. AR creates a unique learning opportunity for
the inexperienced and construction-interested individuals by providing the opportunity
to find and correct the flaws of a project in a safe and risk-free environment [31].

Most studies examining the integration of occupational safety and AR are theoretical
without much practical implementation. The practical uses are generally for operational
intent such as the use of personal protective equipment, tower crane and operator training.
For example, one study offers a working framework for construction safety education,
which includes mobile-based AR and VR experiences. This study consists of three
stages: the dissemination of safety information, the identification of the dangers and the
implementation of the necessary measures [32]. Another study introduced the Pro-Vis
ARmobile application offering occupational safety training such as crane safety [33]. In
a different study, heavy construction equipment management and operator training were
introduced. A virtual construction site environment with materials and instructions was
created and operator training was provided in an augmented reality environment [34].

4 The Proposal of the AG-IGU Application for the Fall Risk
in Construction Projects

One of the shortcomings of existing methods of dealing with occupational safety in
construction is that they concentrate on the construction phase outside the project pro-
cesses. As a result, occupational safety consists of written rules and safety information
communicated to employees during the construction phase, and this approach when
implemented alone often increases safety risks. During the project phase, the written
safety information of the project should be converted into a computer-readable format
and the project team should be involved in this process. It is beneficial to visualize or sim-
ulate the safety measures organized in the computer environment in 3D. In this process,
the safety information added to the BIM working model becomes permanent and can
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be reproduced. Visualization technologies such as AR and VR increase perceptibility
before the project construction phase.

The proposed study aims to handle the occupational safety risks in the early stages
of the project and to reduce the safety problems that may occur in the field. For this
purpose, it proposes a mobile application called AG-IGU. AG-IGU is the aconym for
Augmented Reality Construction Safety Application in Turkish (Arttırılmış Gerçeklik
İnşaat Güvenlik Uygulaması). It integrates BIM-AR technologies to visualize the con-
struction risks and help with measures to be taken. The application has been prepared
for the risks of falling, which is one of the most common occupational safety problems.
The mobile application facilitates access to project information. It can be utilized by all
the project stakeholders everywhere. It is supported by Augmented Reality to visual-
ize project data in real construction contexts. This approach is intended to increase the
retention mind rate of the information by offering an effective user experience.

In this study, a Building InformationModel is used to determine the regions at risk of
falling. The necessary safety measures for the risk areas are determined by a designated
project member or different project stakeholders. A library of 3D BIM objects of safety
measures is modeled and stored in a common platform to be accessed in future projects.
The process can be added to a BIM implementation plan to ensure its implementation.
In addition to BIM software, the Unity development platform by Unity Technologies is
used for the simulation of BIM project models and objects having safety measures. In
the mobile application interface, occupational safety measures can be placed on the 3D
model interactively by project stakeholders using pre-modeled library elements.

The AG-IGU application uses a simple, rectangular, five-story building shell below
to illustrate the working concept, but it can accommodate different types, multi-storey
and large-scale projects. However, in large projects, when the number of shafts, stairs and
elevators increases in large-scale projects, manually adding safety measures can cause a
considerable amount of time. The mobile application will allow practical placement of
the safety measures to be selected from the application interface on the shaft, staircase
and facade openings in the BIM model.

4.1 The AG-IGU Software Architecture

The AG-IGU application involves different modeling, development and AR software
platforms. Figure 2 shows the steps and applications deployed in the development process
of the Augmented Reality project and a mobile application. Some additional steps added
within the scope of the study are modeling and controlling safety measures in a 3D
architectural model, creating written rules informing the user about these measures and
developing the user interface design with objects for safety measures.

Step 1: Modeling and Editing Models: The 3D project information and the measures
to be taken against the risk of falling are modeled in BIM. A predefined ready-made
project in the application is also made available for use. In the prototype, the safety
measures of an existing project are modeled and checked. Autodesk Revit is used as a
BIM modeling environment due to its widespread use in the building sector and support
with mixed reality applications. The model is exported into FBX format and opened in
3DS Max software; the model check is made with a few simple commands and saved
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Fig. 2. The AG-IGU software architecture schema

as an FBX file again. When planning the Augmented Reality application of a project,
it is sufficient to have only the necessary information in the model. All other unused
information causes the application to slow down. For this reason, BIM metadata such
as sheets, cost and quantity lists, levels, templates, etc. are eliminated by exporting the
project into FBX format. The data referred to as metadata belong to a BIM project. 3DS
Max is utilized to edit the model for the Unity game engine and to solve the problems
that may occur with the model in Unity. In 3DSMax, operations such as surface normals
of the model, material controls and checking the gaps in the model are performed.
Step 2: Importing ARModel: The license key is obtained by creating the project title on
the web page of the Vuforia application developer and the pointer is selected from the
database. After the project is saved in FBX, it is opened in Unity; the license key from
Vuforia is added to Unity. Vuforia is a software development tool for mobile devices
that enables the creation of Augmented Reality applications and provides Application
Programming Interfaces (APIs) through the Unity game engine that offers an immersive
real-time 3D experience. Android Studio is also included in the system architecture to
allow printing a mobile application with the Vuforia plug-in from the Unity program,
Step 3: Developing the Mobile Application: After matching the model and the pointer
in Unity, the user interface design is developed. In addition, necessary codes are added
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for the placement of safety measures in risk zones, written safety rules and buttons
for switching them on and off. The platforms used for Unity generally support the C
# programming language which is Unity’s integrated programming language. While
developing the mobile application, the C # is used to add the interface features. When
the application is completed, the project file belonging to the Android operating system
of the mobile application is received in Unity and opened on mobile devices.

4.2 The Working Methodology of AG-IGU

The AG-IGU application can be operated on a computer using a viewing software such
as Unity Hub or launching it on anAndroid device by downloading its application.When
the Android software is downloaded and run on mobile devices, a screen appears that
allows the user to make a selection of the pointer first. An object in the real environment
can be selected as a pointer without using any QR code for practical use. In this case,
the user must define a pointer by selecting an image from the mobile device’s database
or taking a photo of an object in the current environment.

After selecting the pointer, the user must select the BIM model to be mapped with
the pointer via the model selection button on the application interface. The models to
be used in the application must be available in FBX format on a mobile device or the
Web. Upon the model selection, the model matched with the pointer is displayed on the
mobile device in the real environment.

The purpose of the mobile application is to show the precautions to be taken against
the risk of falling in the AR environment and to model the elements of these precautions
interactively. In a completed architectural project, railings belonging to MEP (Mechan-
ical Electrical Plumbing) related shafts, facade gaps and stairwells are built. However,
the risk of falling in these areas continues during the construction phases. When dealing
with these risks the structural modeling phase was considered more appropriate as it
virtually reflects the construction period accurately. Therefore, the model chosen for the
application does not contain architectural elements that could block risky areas.

In order to avoid display problems in the AR environment, the BIM model to be
used in the mobile application must be Watertight (waterproof) and Manifold. Manifold
geometry is geometry that can unfold into a 2D surface with all face normals facing the
same direction. In the manifold model, all surfaces of each object in the model must be
closed, that is, it must be a Watertight object. The steps below are for control purposes
and are the steps that facilitate the operation of the mobile application (Fig. 3).

Fig. 3. Manifold geometry schemas [35].
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Figure 4 shows the safety elements for the risk of falling modeled in Revit. They
consist of covers for shafts, safety nets used for facade openings, and guardrails used
for staircases. After the pointer and the selected model are matched in the AG-IGU
mobile application, safety elements are automatically modeled through the buttons on
the user interface and written safety measures are displayed on the user’s screen. Upon
selecting a safety element, the written rules of that safety measure are displayed on the
user’s screen for a set period, and then 3D safety elements are modeled according to the
standard in the written rule. Both the written safety rules and 3D elements help the user
understand safety issues in text and visuals.

Fig. 4. Safety measures on the revit model

There are two other inputs for user interaction in themobile application. The first one
is the model selection button that enables the creation of an AR medium for more than
one project in the application. The second one is the button that provides the transparency
setting for the columns. The reason for the reduction of the opacity of the columns is to
facilitate the visualization of risky areas corresponding to the column alignment and to
increase their visibility.

Figure 5 shows the application’s user interface, and Fig. 6 shows the steps followed
in the mobile application. The user can record the last state of the model by taking a
screenshot from the screen incorporating written safety rules and a 3D model.

The mobile application allows the selection of more than one BIM model in the
database. The same safety measures are used for each project at this stage of implemen-
tation. In order to enable the user to perceive the risky areas of the project better, signs
showing the shaft, facade and staircase are placed on the user interface.When the mobile
device used in the application is closer to the sign, the models and texts increase in size.
The AG-IGU application reduces the modeling process by placing the safety elements
on the BIM model automatically and offers a common interface for users from different
disciplines. Within the scope of the study, the application was developed based on fall
risk, the most common type of risk, but the application can also be geared toward other
types of occupational accidents.
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Fig. 5. The AG-IGU user interface and operations
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Fig. 6. Interface diagram of the application.

5 Conclusion and Future Scope

The use of BIM in the area of occupational safety is relatively new. As explained ear-
lier. Occupational safety practices prevent cost and time losses and comply with Lean
Construction principles. Health and safety matters are important concerns in the imple-
mentation of BIM in projects. With BIM these issues can be taken into consideration
during the project phases and mechanisms such as BIM implementation plans can help
to delegate the tasks involving occupational safety measures in projects.

This study recommended the integration of BIM and AR technologies to ensure
occupational safety in construction projects. It postulated that occupational safety should
be considered starting from the early phases of a project and many construction risks
can be prevented by the integration of information technology solutions.

In the study, a mobile application (AG-IGU) incorporating a BIM-supported AR
environment against the risk of falling was introduced. This is a relatively new use
for AR technologies in the AEC fields, encouraging multidisciplinary collaboration for
occupational safety in a visual construction platform. It shortens the modeling time
planned for occupational safety in large-scale projects using predefined safety elements.
The application is versatile and widely accessible via any mobile phone with an Android
operation system. This version of the application heavily involves modeling the 3D
safety elements for all possible scenarios and cases. For future versions, such elements
are planned tomake available as downloadable objects updated according to regulations.
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23. Hongling, G., Yantao, Y., Weisheng, Z., Yan, L.: BIM and safety rules-based automated
identification of unsafe design factors in construction. Procedia Eng. 164(June), 467–472
(2016)

24. Tekbas, G., Guven, G.: BIM-based Automated Safety Review for Fall Prevention. Ozyegin
University, Department of Civil Engineering (2020)

25. Behzadi, A.: American journal of engineering research (AJER) open access using augmented
and virtual reality technology in the construction industry Ajang Behzadi. Am. J. Eng. Res.
5(12), 350–353 (2017)

26. Ratajczak, J., Marcher, C., Schimanski, C.P., Schweikopfler, A., Riedl, M., Matt, D.T.: BIM-
based augmented reality tool for the monitoring of construction performance and progress.
In: Proceedings of the 2019 European Conference for Computing in Construction, vol. 1,
pp. 467–476 (2019)

27. Chu, M., Matthews, J., Love, P.E.D.: Integrating mobile building information modelling and
augmented reality systems: an experimental study. Autom. Construct. 85, 305–316 (2018)

28. Gheisari, M., Chen, P., Sabzevar, M.F., Irizarry, J.: An augmented panoramic environment
to access building information on a construction site. In: 52nd ASC Annual International
Conference Proceedings, pp. 1–8 (2016)

29. Mani,G.F., Feniosky, P.M., Savarese, S.:D4AR-A4-dimensional augmented realitymodel for
automating construction progress monitoring data collection, processing and communication.
Electron. J. Inform. Technol. Construct. 14(June), 129–153 (2009)

30. Zaher, M., Greenwood, D., Marzouk, M.: Mobile augmented reality applications for
construction projects. Constr. Innov. 18(2), 152–166 (2018)

31. Lin, T.J., Duh, H.B.L., Li, N., Wang, H.Y., Tsai, C.C.: An investigation of learners’ collab-
orative knowledge construction performances and behavior patterns in an augmented reality
simulation system. Comput. Educ. 68, 314–321 (2013)

32. Le, Q.T., Pedro, A., Lim, C.R., Park, H.T., Park, C.S., Kim, H.K.: A framework for using
mobile based virtual reality and augmented reality for experiential construction safety
education. Int. J. Eng. Educ. 31(No. 3), 713–725 (2015)

33. Ahmed, S.: A review on using opportunities of augmented reality and virtual reality in con-
struction project management. Organ. Technol. Manage. Construct. Int. J. 11(1), 1839–1852
(2019)

34. Wang, X., Dunston, P.S.: Design, strategies, and issues towards an augmented reality-based
construction training platform. Electron. J. Inform. Technol. Construct. 12(March), 363–380
(2007)

35. Sculpteo Homepage. https://www.sculpteo.com/en/3d-learning-hub/create-3d-file/fix-non-
manifold-geometry. Accessed 30 Mar 2020

36. Azuma, R.: A survey of augmented reality. Presence Teleoper. Virtual Environ. 6(4), 355–385
(1997)

37. Behm, M., Gambatese, J., Toole, M.: Construction safety and health through design.
Construct. Manage. Eng. 501–502 (2014)

38. Lian, Z., et al.: SHREC’15 track: non-rigid 3D shape retrieval. Eurographics Workshop on
3D Object Retrieval, EG 3DOR, pp. 107–120 (2015)

39. Milgram, P., Kishino, F.: A taxonomy of mixed reality visual displays. IEICE Trans. Inform.
Syst. 77(12), 1321–1329 (1994)

40. Natephra, W., Motamedi, A.: Live data visualization of IoT sensors using augmented reality
(AR) and BIM. In: Proceedings of the 36th International Symposium on Automation and
Robotics in Construction (ISARC) (2019)

41. Seichter, H.: Augmented Reality Sketching for Architectural Design sketchand+. http://tec
hnotecture.com/projects/sketchandplus. Accessed 25 Feb 2020

https://www.sculpteo.com/en/3d-learning-hub/create-3d-file/fix-non-manifold-geometry
http://technotecture.com/projects/sketchandplus


A Proposal of a BIM and AR Integrated Application Against Fall Risks 97

42. Sidani, A., Duarte, J., Baptista, J.S., Martins, J.P., Soeiro, A.: Improving construction safety
using BIM-Based sensor technologies. 2° Congresso Português de Building Information
Modelling vol. 1, pp. 161–169 (2018)
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Abstract. Considering the redefinition of the roles of AEC professions -and
reflectively education- through Building Information Modeling (BIM), this
research is interested in the integration of BIM tools and technologies into formal
architectural education at the higher education level. Startingwith the first attempts
as a transition from teaching AutoCAD to BIM in stand-alone computer courses,
the recent studies show that BIM integration in education has expanded towards
adapting the architectural curriculum to prepare students for a BIM-oriented prac-
tice. Acknowledging the trends and positing possible shifts in the field, this study
uses a systematic review method to map the actual experiences of researchers and
academics for the integration of BIM tools and technologies into architectural
education. In the Scopus database, publications that focus on BIM integration into
architectural education are scanned for a period between 2005 to 2021. After the
bibliometric analysis, 42 studies are selected to evaluate based on their reflection of
an actual case experience in a higher education setting that engages in the integra-
tion of BIM in architectural education. Evaluating various approaches addressing
the design studios and complementary courses and the challenges faced in archi-
tectural education as part of the efforts to integrate BIM is examined concerning
the emerging themes. As the most frequently encountered theme in the selected
studies, a particular emphasis is put on the concept of collaboration.

Keywords: Architectural design · Architectural education · Curriculum · BIM
integration · Collaboration

1 Introduction

Building Information Modeling (BIM) has been transforming modes of project delivery
and construction management at an increasing pace owing to its widespread adoption
starting from the early 2000s. As practice via BIM redefines the roles of Architecture,
Engineering, and Construction (AEC) professions, several architecture schools seek
ways of implementing these tools into their curriculum for professional education and
practice transitions. Although BIM is not intended as an educational tool in the first place
and to date remains focused on practice, it is evident that graduates of the profession of
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architecture are increasingly required to understand BIM better, have a good command
of its parametric ontology, and perform efficiently through its collaborative workflows.

The benefits of BIM for AEC professionals are comprehensively examined and
well documented. Developing consistently from predecessors such as Charles Eastman’s
Building Description System (BDS) in the 1970s, the motive of increasing efficiency
in the fields of design and construction is consistent throughout the development and
evolution of BIM, and the primary beneficiaries remain as practitioners [1]. The impact
of BIM on education, on the other hand, is not as straightforward as its impact on profes-
sional practice and can be considered as an ongoing research and adaptation process of
multiple dimensions. Many studies are reporting the positive effects of BIM integration
in architectural education in terms of providing the professional knowledge and skills
required by the 21st century [2, 3]. Yet, critical stances which consider BIM as a barrier
to the development of creativity, especially at the early stages of design also exist [4,
5]. Some educators consider BIM merely as a technology or tool while some consider
it as a new form of a professional organization or design practice [6, 7]. Besides, there
is no consensus among educators about at which level and in what way BIM should be
implemented in the educational setting [6].

Scholars have elaborated on various strategies for the integration of BIM into archi-
tectural education, distributed over a variety of subjects [8]. In many cases, efforts to
integrate BIM are focused on the organization of the design studio or single courses,
rather than an integrated curriculum [9]. Usage of BIM in courses addressing comple-
mentary fields such as construction technologies, materials, detailing, structural design,
and visualization have also been investigated and evaluated in terms of BIM adoption.
Compilation of these efforts and the dominant themes may prove beneficial for the
evaluation of the current situation as well as providing implications for further research.

2 Methodology

The design of the research method employed in this paper is based on the systematic
review criteria defined by David Gough (2007) [10] and elaborated by Bearman et al.
(2012) [11], and proceeds as follows: (1) defining the research questions, (2) defining
the search strategy, (3) setting the criteria for inclusion and exclusion, (4) review and
analyses of the articles, (5) reporting the results, (6) analysis and synthesis of findings,
(7) discussing the findings and drawing conclusions relevant to the research questions.

2.1 Research Questions

This paper aims to review the reported experiences on BIM integration in architectural
education. To this end, the following research questions are proposed:

(1) What are the trends in the integration of BIM into architectural education?
(2) Are there any significant shifts in focus regarding strategies for BIM integration in

education?
(3) In what ways do higher education institutions approach BIM concerning architec-

tural education?
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The first question aims to reveal an overview of the efforts on BIM integration in
education to provide a framework for analysis and synthesis of the various approaches.
The second question focuses on the scopes of BIM integration in architectural education
efforts from 2005 onwards, inquiring whether there are any significant changes in the
approach and scale of interventions. The third question is targeted at the analysis and
synthesis of the variousmethods and strategies for BIM integration to identify the variety
of approaches.

2.2 Search Strategy

The systematic review performs a bibliometric analysis of BIMpublications based on the
Scopus database starting from2005 to 2021. Document typewas restricted to articles and
conference papers to confine the research to studies with a particular effort on reporting
educational experience rather than reviews and editorial texts. The language of papers
was limited to English.

To access a wider range of literature referring to the research questions, an inclusive
search phrase was designed to map papers containing “BIM” together with an educa-
tional keyword and a subject area keyword in the text; and containing “BIM” with an
educational keyword in its title, abstract or keywords (Table 1).

Table 1. Scopus database search phrase

SCOPUS
database

(ALL ((“building information modeling”) AND (education OR teaching OR
curriculum OR pedagogy) AND (architecture OR construction OR engineering))
AND TITLE-ABS-KEY ((bim OR “building information modeling”) AND
(education OR teaching OR curriculum OR pedagogy)))

2.3 Inclusion and Exclusion Criteria

This study concentrates on the actual experience of integrating BIM into architectural
education, which narrowed the focus to formal architectural education at the higher
education level. To align the selection of papers with respect to the research questions,
a set of inclusion/exclusion criteria were utilized. In this respect papers that (1) did not
refer to higher education as their context, (2) did not have BIM in their foci, or (3) did not
refer to architectural education were excluded. In the final step, studies that were based
on an experience of an educational setting (a case study) in a formal higher education
course or curriculum were selected.

2.4 Review and Analyses of Articles

The specific selection of research parameters, as reported in the previous sections, ini-
tially returned 598 results, which was considerably high for evaluation of full papers
and expectedly covered duplicate and/or irrelevant articles that approached the search
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parameters from an unrelated perspective. In this respect, the initial review was directed
on the examination of the titles and keywords of the articles, and irrelevant papers
were eliminated along with the papers that focused on industrial integration or pro-
fessional practice but not education. Then, the abstracts were evaluated based on the
inclusion/exclusion criteria, which returned 128 papers for further review. Finally, full
papers were checked concerning the inclusion/exclusion criteria, refining the list to a
total of 42 studies (Table 2).

Table 2. The review process (papers marked “partial” were re-reviewed at the next round)

Scope of review Papers Included Partial* Excluded

Initial Inquiry 597

Round 1 Reviews Title and keywords 597 378 52 167

Round 2 Reviews Abstracts 430 122 6 302

Round 3 Reviews Full text 128 42 – 86

The final selection of papers reflects on the experience of an actual case study in a
higher education setting that focuses on the integration of BIM in architectural education.
Papers that included architectural students among various disciplines were included,
however, any research that excluded architecture students was eliminated from the scope
of this study. The main body of research examined in this study consists of papers from
2015 onwards, with a notable increase in 2019 and 2020 (Fig. 1).

Fig. 1. Graph showing the distribution of the selected studies with respect to years

3 BIM Integration Efforts

The literature studied in the scope of this paper can be contextualized under two main
stages. Earlier studies mostly focus on the transition from computer-aided drafting



BIM Integration in Architectural Education 105

(CAD) to BIM [12, 13], or the use of software suites [14–16]. These interests may
at least be partially related to the rising demand for BIM-informed graduates and higher
education institutions’ efforts to understand the methods and outcomes of BIM practice.

Researchers investigated potentials for basic collaboration in BIM and elaborated on
BIM as a process rather than a software suite [3, 17]. However, the focus on multidis-
ciplinary workgroups and interdisciplinary design processes gain momentum in a later
stage [18–24], indicating a pedagogical shift in the integration of BIM in architectural
education. The collaborative potential of BIM in architectural education constitutes an
important part even in articles with other concerns such as sustainable design [13, 24]
and stands out as a research area that is highly referred to. The collaboration poten-
tials of BIM for architectural education still promise novel developments for educators
and researchers. The individual approaches to collaboration potentials provided by BIM
processes are discussed more in detail in the discussion section of this paper.

It is observed that research from the last five years also centers around new ways
of incorporating BIM in architectural education, such as the use of virtual reality (VR)
or augmented reality (AR) and integration with game engines [23, 25–27], parametric
design and form-finding [28], or the use of BIM for information-driven sustainable
design - green BIM [29, 30]. Although these topics are not as frequently debated as
collaboration potentials, they indicate important advantages for exploiting the potentials
of BIM for architectural education.

In terms of course types, single-course experiences (reported in 31 papers) outweigh
papers focusing on curricula with multiple courses. This data reveals that current efforts
on BIM integration proceed mostly in a piecemeal fashion and is an expected outcome
considering the difficulties in managing educational curricula according to accredita-
tion criteria. BIM integration experiences are reported in compulsory or elective course
settings to undergraduate, graduate, or combined student profiles. Almost half of the
investigated studies do not indicate whether the setting is compulsory or elective, which
renders it hard to elaborate on whether the educational institution is on a path to BIM
integration or prefers only to raise awareness in students.

It is detected that more than half of the selected studies report experiences in a design
studio setting as predicted. In addition to design studio experiences, courses on construc-
tion [31, 32], technology [33, 34], building systems [35], and visualization/representation
[36] also contribute as important research settings.

The investigated studies’ approaches to BIM in the case of architectural education
can be conceptualized under twomain titles: (1) teaching BIM, and (2) BIM as a learning
tool. Of the 42 papers investigated, 21 approach BIM as a learning tool, while 16 papers
focus on the teaching ofBIM, and 5 papers report experiences on both aspects. As the title
suggests, studies that focus on teaching BIM elaborate on the development of students’
skills for working in BIM processes. The second title, BIM as a learning tool, indicates
the utilization of the potentials of BIM to teach various components of architectural
design. Studies in this approach cover a range of subjects such as the use of VR/AR in
education [23, 26, 27], detailing [15, 26, 37, 38], sustainability [13, 29, 30, 39, 40], fire
and life safety [41], visualization [36] and project management [20].
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Collaboration appears to be one of the key aspects regarding BIM integration to
architectural education with 19 papers out of 42 describing either teamwork or a multi-
disciplinary learning environment. It is evident that BIM integration holds an important
potential to facilitate an efficient collaborative learning environment for students. The
following section of the paper elaborates on the modes and dynamics of collaboration
in BIM-integrated teaching experiences, which constitutes the most common area of
interest in the reviewed literature.

4 Collaboration Dynamics

Collaboration lies at the heart of contemporary design and realization of buildings and
renders BIM invaluable for professionals in the AEC industry. Concordantly, research on
the integration of BIM in architectural education frequently elaborates on collaboration
from various points of view. Overall, the literature reviewed for this study indicates three
approaches for elaborating on the collaboration dynamics of BIM-integration in archi-
tectural education: (1) collaboration among architecture students (single-discipline),
(2) collaboration among students from different disciplines (multidisciplinary), and (3)
teaching experiences focusing on multidisciplinary real-world scenarios with additional
BIM roles.

4.1 Collaboration Among Architecture Students

The first approach involves collaboration between students of architecture who work
on the analyses and/or solutions for a design problem. These experiences are especially
relevant for contexts where a basic understanding of BIM concepts is sought after, often
to further develop collaboration potentials as curricula are re-organized. A significant
experience in this regard is elaborated by Ambrose (2012) [3], where the studio begins
with a complete building information model so that students will have the opportunity
to redesign the existing building in coordination and collaboration, rather than a con-
ventional design problem that starts from scratch and does not leave time for a thorough
investigation of issues such as coordination, collaboration, and constructability [3]. In
this case, the architectural design studio is based on a continuousmodification of an orig-
inal model, which helps students to change their perspectives from a drawing-centric
view to a three-dimensional onewhere the design task is collaborative rather than individ-
ualistic. It is important to note that students are continuously provided with knowledge
from other disciplines viaworkshops and lectures for them to better understand the initial
models they were provided with. Organizing the studio as such eliminates the problem
of students’ knowledge levels being inadequate for preparing proper BIM models. In
this respect, learning by analyzing, dismantling, and reorganizing models present an
important opportunity to work on collaborative design problems via information-driven
models.

Isanović and Çolakoğlu follow a similar approach in proposing a BIM learning
scenario, a new framework, and content for an existing curriculum, to attain “a student-
centered flexible framework for organizing the learning activities to provide guidelines
for learning to learn.” [42]. In this case, architecture students are provided a complete
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BIM model of a realized building, and involved in the processes of “disassembling,
analyzing the structure, function, and operation.” [42]. Students’ post-evaluation of the
course indicates that while they find working on a real project informative, they still
emphasize the necessity of having a practice mentor and that software skills play an
important role to fully utilize the courses’ learning potentials.

Integration of BIM in the design studio also presents opportunities for more conven-
tional project development trajectories that begin with a debrief and proceed by working
on design solutions. A significant offering of a BIM-driven design studio is the ability
to expand students’ conception of a building beyond 2D and 3D representations towards
a more complete conceptualization with various analyses, documentation, reports on
building performance, feasibility, and life-cycle assessment. An example of such intro-
duction of BIM into the design studio is reported by Jung et al., where undergraduate
architecture students undertake real-world roles in the BIM process within the context
of a capstone project. The studio covers a wide range of real-world scenarios beginning
with pre-project planning and proceeding to design, construction documentation, feasi-
bility and cost analyses, preparing specifications for requests for proposals (RFPs), and
life-cycle assessment. The deliverables of the studio are presented as the group work
capstone project [43]. While the authors note that the capstone project studio provides
students with a comprehensive BIM workflow experience, they underline that there is
room for improvement by inviting students from other disciplines to the collaborative
experience.

Another instance of BIM integration is elaborated by Cascante and Martinez [36].
They describe an Educational Innovation Project (EIP) that integrates four third-year
courses (architectural graphic expression, construction, measurement-budgeting, and
technical documentation) that are compulsory in the current curriculum.The four lectures
share a cyclic BIM process but focus on their very own learning outcomes. They report
that students achieve a higher level of success asmore students pass the lectures compared
to previous methods of conduct. Yet, due to a range of lectures being combined in a
collaborative method, arranging the curriculum and credits in line with accreditation
requirements poses a challenge, and it is suggested to establish a BIM implementation
committee for planning the integration of BIM into curricula in various universities.

As argued earlier, the collaborative BIM environment in architectural education can
be significantly enhanced by involving students from other disciplines in the process.
Yet, it should be noted that BIM workflows require a certain level of skills with software
suites as well as knowledge of design. For this reason, single-discipline collaboration
may provide an efficient method to prepare students for more complex collaborative
experiences in the following years. One such case is reported by Deniz (2018), who
elaborates on the perception of students in CAD and BIM-based software, based on the
experience and feedback from two undergraduate courses: (1) an introductory CAD and
BIM course provided in the freshmen year as a key element of the AEC curriculum, and
(2) a junior year upper-level BIMCourse as a collaborative studio with multidisciplinary
modules [19]. While the introductory course focuses on developing software skills and
modeling habits, the second makes use of these skills to foster a collaborative learning
experience. In this respect, offering stand-alone BIM specialty courses may still prove
beneficial for the integration of BIM in architectural education, as these courses provide
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the students with the necessary skills to remove “software” barriers and pave the way
for more efficient BIM-driven collaboration among students.

4.2 Multidisciplinary Collaboration

Collaboration skills are considered essential in the AEC industry, therefore equipping
students with collaboration and communication competencies in a multidisciplinary
environment is indispensable for the integration of BIM into the educational setting. As
in the case of single discipline collaboration, modes of multidisciplinary collaboration
also vary in their methods and objectives.

To create an educationmodel for exploring the collaboration potentials of BIM, Poer-
schke et al. develop a course as a project-based learning experience, inwhich architecture,
landscape architecture, construction, structural, mechanical, and lighting/electrical engi-
neering students are given the task to revise the prototype design of an elementary school
by using BIM [21]. The collaborative BIM course is proposed as a one-semester vertical
studio with undergraduate students of 3rd to 5th year standing and graduate students. The
underlying agenda of the studio mainly dwells upon integrated design, collaboration,
and sustainability.

Through this study, the students are provided with tangible experience in team orga-
nization and workflow, yet, instead of involving more with the design task, critically
evaluating the model, simulation outcomes, and design alternatives; it is observed that
students were more occupied and concerned in managing the model and simulation. The
authors relate this unexpected outcome with the complexity of design and suggest an
“urgent shift toward intensified academic collaboration of the disciplines involved in the
design and construction process” [21].

The second mode of collaboration is explained by Chiuini et al., who describe a col-
laboration between architecture and engineering students from two different universities
to design a project for the Solar Decathlon Challenge in 2013 via BIM. The experience
includes assigning students to disciplinary task groups. Then, these disciplinary task
groups are expected to collaborate and arrive at a design solution mutually [44].

As a result of the experiment, the authors report that there are two major challenges
for the students to overcome for interdisciplinary education. Firstly, the BIM process
necessitates a visual-creative thinking practice that proved to be harder for engineering
students compared to architecture students. Secondly, the conventional mode of educa-
tion (and mode of practice) based on a sequential order of work had to be reformatted in
a collaborative BIM environment, where participants were required to be active during
all of the design processes.

In a similar setting, Jin et al. elaborate on a collaborative Solar Decathlon Chal-
lenge with 72 final year undergraduate students from the disciplines of architecture,
civil engineering, and architectural environmental engineering [18]. Formed into mul-
tidisciplinary groups, the students worked on the design of a residential building from
scratch including architectural design, structural design, andMEP design, as well as pre-
fabrication design and cost estimation in a BIM-driven interdisciplinary collaboration.
As a result, the authors underline that the process had positive effects in terms of inter-
team communication, sustainable design strategies, improved design quality in terms
of clashes and technical errors, and improvement of visualization. It is also pointed out
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that the interdisciplinary collaboration experience for the students is the most important
outcome of the process.

In “Bim in academia: Shifting our attention from product to process”, Sanguinetti
(2009) offers a revision to the educational curriculum for a flexible structure enabling
architects with expertise in the professional roles available to them. A case study is
conducted to “compare the interactions of two interdisciplinary teams participating in
Stanford University’s AEC web-based course” in which students from architecture,
structural engineering, construction management, and building technology disciplines
are required “to work together and solve a design problem in a distributed setting”
[13]. While the collaborative design process is similar to the previously discussed cases,
Sanguinetti also proposes a flexible curriculum inspired by the education of medical and
computer science students at theGeorgia Institute of Technology. Shifting the focus away
from the debate on whether BIM should be taught in standalone courses or the studio
environment, Sanguinetti suggests a curriculum in which the students can customize
their education by combining courses according to their preferences. This approach not
only fosters multidisciplinary collaboration but also lets future architects undertake new
specialist roles in practice.

4.3 Additional Roles in Multidisciplinary Collaboration

In addition to the conventional disciplinary roles undertaken by students in collabora-
tive education experiences, some of the reviewed cases introduce additional BIM roles
and procedures that are akin to their real-world counterparts. In one case, Zhao et al.
reflect on their experience of an “Integrated Construction Studio,” which simulates real-
world working conditions for students from different backgrounds in a collaborative
BIM environment. The course aims to bridge the gap with AEC Industry’s expecta-
tions by introducing a real-world scenario with project owners, constructors, project
managers, and design disciplines’ conventional roles [45]. In a similar experience, Rah-
hal et al. present a methodology for the development of educational content for the
course entitled “Collaborative Digital Studio BIM” (SDC BIM), in which students are
assigned different BIM roles regarding real-world BIM requirements (such as BIMman-
ager, BIM coordinator, BIM modeler, etc.). In addition, students are asked to design a
BIM protocol, coordinate design tasks and provide information for “client requests”
such as building costs, scheduling, and running costs of the completed structure. In the
end, the authors report that the students have gained “operational mastery of instru-
mented interdisciplinary cooperation: management of distributed work, management
of meetings, document sharing-and-nomenclature, collective decision-making, conflict
management, and principles of project review” as a result of the undertaken tasks [22]. In
other cases, the authors explain that students report a better understanding of the whole
design-to-construction process after taking Integrated Project Delivery studios [46–49].

It must be underlined that the examined cases are conducted either with senior
students or a vertical composition of students that includes seniors. As discussed earlier,
the complexity of a BIM process similar to professional practice requires the students
to possess certain skills that are less likely to be covered in the early years of higher
education.
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4.4 Potentials and Challenges

Forgues and Becerik-Gerber identify two core issues that need to be addressed to accom-
plish a paradigm shift to BIM-integrated research and education: “(1) that research and
education are built on a rigid and fragmented structure that often resists change; and (2)
as opposed to industry, educational institutions are not pressured by the market to make
these changes” [17]. While it can be argued that the first issue is still valid in the present
day, educational institutions appear to be more interested in the novel technologies
adopted in the “market,” and BIM is at the forefront of focus in this respect. Conse-
quently, many of the challenges on the way to BIM-integrated collaboration dynamics
mirror those of the AEC Industry.

Defining professional roles in BIM-driven collaborative design processes has been
an ongoing debate since thewidespread adoption of BIM at the turn of the century [50]. It
is observed that a similar concern is valid for the case of architectural education. Jin et al.
explain that architecture students are resistant to BIM because of “their potential loss of
leadership in the design process as their architectural decisions might be disapproved by
other disciplines” [18]. They relate this projection with Thomsen’s argument that BIM
reduces the space for design decisions and charges architects with “extra requirements”
[51]. A collaborative design paradigm requires the students to act as a team from the start,
which requires a new understanding of professional roles not only for students but also
for educators. Professional roles within educational settings require further investigation
in terms of BIM integration.

An equally important challenge rises from the body of professional knowledge
required to carry out BIM processes. As BIM practice requires more thought-out solu-
tions and a better familiarity with other disciplines compared to conventional design
methodologies, even senior students may experience difficulties in working via BIM.
Consequently, some of the examined cases introduced additional workshops and lectures
to provide students with the required knowledge, while others introduced collaborative
BIM processes in capstone projects [43, 52]. It may be fruitful in this respect to spec-
ulate on a course that introduces the students with a BIM mindset without involving
complex designs, but rather conveying the methods and importance of a data-driven
decision-making process.

Students’ skills with BIM software constitute another important challenge to be con-
sidered. As Isanović and Çolakoğlu point out, “if students are not skillful with the tools,
design exploration can be hindered by switching the focus from the task and content to
learning the tools. Consequently, this can lead to reduced quality of design solutions and
loss of creativity until the new media becomes an integral part of the designer’s mind-
set” [42]. Potential interventions to this challenge include the introduction of software
courses to support design studios [53] or introducing workshops and lectures according
to students’ requirements. Yet there is also the challenge of the educators’ knowledge
becoming outdated, as the software suites are continuously evolving.

There are also frequently reflected challenges related to BIM tools and software, such
as interoperability issues between various software, insufficient BIM library databases,
or difficulty of the management of data in an educational environment. While a set of
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online software tools on the cloud are becoming commonplace for professional prac-
tice, common data environments are still posing challenges for students due to their
complexity [54].

Finally, one of the most important challenges connects to the two issues Forgues and
Becerik-Gerber pointed out: the rigid structure of education and research, and the limited
pressure from the industry both fail tomotivate enough educators to develop skills inBIM
processes. This in turn results in limited and/or piecemeal efforts for integrating BIM
into architectural education due to an insufficient number of educators with the required
skills. In this regard, the motivation and education of educators present a potential area
to investigate.

5 Conclusion

With a particular focus on collaboration dynamics, the paper has presented the attempts
to integrate BIM into architectural education. The sampling area of the study has been
limited to the reported experiences on BIM integration in architectural education to
detect the institutional approaches, emerging themes, and any significant shifts in the
integration strategies. The change in the professional practice from conventional dis-
ciplinary roles to additional BIM roles necessitates a transformation in the individual
learning processes toward more integrated and collaborative learning models to prepare
students for more complex experiences in higher education. Adaptation of the architec-
tural curriculum for shared experience has been implemented in the forms of a single
discipline approach, multidisciplinary collaboration, and real-world simulations. The
observed shifts in professional practice –and reflectively in education models and their
applications– reinforce this condition with the increase in complexity that outlines the
assigned roles in the collaborative works from single-disciplinary to multidisciplinary
co-operational settings. Mirroring the industrial recognition of professional practice and
bringing in the empiric assets of educational implementations, the efforts to integrate
BIM in education seem to grow into a platform, an interdisciplinary laboratory, where
collaborative workflow becomes possible in a virtual-physical-interactive environment.
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24. Mlinkauskienė, A., Jankauskaitė-Jurevičienė, L., Christensen, P., Finocchiaro, L., Lobaccaro,
G.: BIM integration possibilities in different study cycles of architecture study programme.
J. Sustain. Architect. Civil Eng. 26(1), 5–17 (2020)

25. Wu, W., Kaushik, I.: A BIM-based educational gaming prototype for undergraduate research
and education in design for sustainable aging. In: Proceedings - Winter Simulation Confer-
ence 2016 February, pp. 1091–1102. Institute of Electrical and Electronics Engineers Inc.,
Huntington Beach, CA, USA (2016)

26. Elgewely,M.H.,Nadim,W., ElKassed,A.,Yehiah,M., Talaat,M.A.,Abdennadher, S.: Immer-
sive construction detailing education: building information modeling (BIM)–based virtual
reality (VR). Open House Int. 46(3), 359–375 (2021)

27. Agirachman, F.A., Shinozaki, M.: VRDR: An attempt to evaluate bim-based design stu-
dio outcome through virtual reality. In: Projections - Proceedings of the 26th International
Conference of the Association for Computer-Aided Architectural Design Research in Asia,
pp. 223–232. CAADRIA, Hong Kong (2021)
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Abstract. Over the past several years, the French construction industry has been
using Building Information Modeling (BIM) to design, construct and manage
projects. BIMprovides project actorswith the right information at the right time [1]
and clearly identifies their responsibilities/roles, theworkflow, and the information
needed to make decisions effectively. ESTP Paris as an engineering school takes
an initiative to teach this new technology to future engineers. This paper aims to
present three different project approaches used to teach BIM at different maturity
levels at ESTP Paris. The first project is geared towards familiarizing students with
themodeling process,BIM theoretical approach and software learning. The second
project is based on a real-time collaborative approach to implementing a digital
BIM model. The third project is aimed at combining geographic information and
BIM to meet various multidisciplinary challenges in building modeling and urban
simulations through the IFC format. This article presents the content, the maturity
level, the prerequisites, theworkgroupmethod, and the digital environment needed
in each course. The list of deliverables and the rating criteria are detailed as well
as the advantages and difficulties faced by students and professors. As a result
of these projects, students are able to work efficiently in BIM projects. They can
collaborate and solve problems quickly to model a coherent construction project.

Keywords: BIM · Construction engineering · Collaborative engineering ·
Information management · GIS

1 Introduction

BIM is a process for creating and managing information in a construction project during
the project lifecycle [2]. BIM is used to define the process of generating, storing, man-
aging, exchanging, and sharing information in the building process in an interoperable
way using a 3D model to simulate the planning, design, construction, and operational
phases of a project [3]. Different maturity levels ranging from 0 to 3 are used in order to
represent the process of information exchange within the project [4]. Choosing each of
these levels depends on the BIM project and the goals of the team. The more information
added to the digital model, the higher Level of Development (LOD) is achieved. LOD
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is a reference that enables project members to specify the content and the representation
volume of Building Information Models at various stages with a high level of clarity.
Depending on the requirements of the project stage and its complexity, specific param-
eters are added to the existing information. Each BIM dimension, i.e. 3D, 4D, 5D, 6D,
and 7D, has its own purpose and it can be useful to know howmuch a project would cost,
what its schedule is, when it would be completed, and how sustainable it could be [2]. In
a BIM project, BIM Manager and BIM Coordinator act as the intermediaries between
designers, clients and architects in order to keep the projects efficient and effective.

Building Information Modeling is a new collaborative method [4] that is adopted
in many construction projects in France, and it requires a high level of organization
and software skills. In this regard, several issues are critical, including interoperability,
information management, intellectual property, roles and responsibilities of stakehold-
ers. Students, nowadays, are familiar with new technologies and software, however, there
is a lack of practical methodology in the use of digital tools. It is a challenge to prepare
future engineers to work on BIM projects and integrate this collaborative method into
construction engineering courses.

The rest of this paper is set out as follows: In Sect. 2, we review the contribution
of BIM to education. In Sect. 3, we describe the use of BIM in education at ESTP. We
discuss the advantages and difficulties of integrating BIM courses into the engineering
program in Sect. 4, and finally, conclusions and perspectives are presented in Sect. 5.

2 BIM and Education

Many studies explored the relationship between educational institutions and industry
in the context of BIM. They showed that collaboration between the engineering and
architecture industry from one side and universities and schools from the other side
is very important to provide students with the necessary skills. For example, Wu and
Issa [5] conducted a survey-based analysis to compare the needs of the construction
industry in terms of BIM knowledge with the students’ competence. The findings show
that there is a gap between the rapid growth of the BIM-related labor market and the
integration of BIM into education. Therefore, cooperation between the construction
industry and universities is suggested. Sacks and Pikas [6] also found that the content
of undergraduate and graduate engineering courses is needed to be modified to meet
the needs of the construction industry. Course organizers need to develop the necessary
skills to incorporate BIMmore in their projects, and they should set targets and learning
objectives for each level of education in different areas using BIM. Arroteia et al. [7]
studied the lack of integration of the BIM’s collaborative approach in universities. It
appears that newly graduated engineers do not meet the needs of the industry in terms of
BIM knowledge. Their study focused on the importance of educating students to work
with collaborative and multidisciplinary solutions. The survey in the study found that
more than 70% of the participants believed that the universities play an important role
in learning BIM and that their level of BIM knowledge at the end of their studies is not
sufficient at the beginning of their career in the BIM industry.

Kocaturk and Kiviniemi [8] showed that there is a lack in the integration of BIM in
architecture courses. The pedagogical agenda is not clear and there is no defined strategy
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for collaborative work in such courses. They focused on the differences between the
student levels and their different backgrounds. In order tomake homogenous groups, they
proposed adding two major courses to the existing architecture curricula: 1) modeling
and representation, and 2) collaborative working.

Bosch-Sijtsema et al. [9] studied the impact of implementing BIM in a project on
the role of BIM and non-BIM actors. The study showed that working methods, roles
and responsibilities related to the new technology have changed. Three role figures in
BIM projects are BIM manager, BIM coordinator, and BIM modeler. Several skills are
needed for a successful BIM project implementation. BIM actors should be able to use
technical software and have management skills. This study underlines the importance
of academic training to introduce skills, practices, and theoretical knowledge required
to develop BIM competency and overcome difficulties when working on BIM projects
[10].

Wang et al. [11] reviewed the BIM adoption in higher education of AEC-related
disciplines including architecture, engineering and construction. The study shows that
using BIM learning strategies enhances collaboration among different disciplines. New
technologies such as laser scanning can be associated with BIM for data analysis. The
author recommends the integration of BIM in AEC courses to reduce the gap between
higher education and industrial needs in technical and management terms.

A comparative study of the use of BIM in teaching Engineering projects [12] showed
that three types of learning approaches are commonly used: 1) Project-based learning
method using teams to improveBIM training [13], 2) Problem-solving learning approach
[14], 3)Amultidisciplinary approach inwhich students fromdifferent backgroundswork
collaboratively on a common digital BIM project [15].

Adamu and Thrope [14] stated that six keys for university BIM learning should be
considered: 1) Plan, phase and prioritize which consists of identifying the courses where
BIM should be integrated, the year of study and the modification that should be done,
2) Create an ecosystem of BIM technologies by identifying the necessary software and
collaborative BIM environment adapted to the course objectives, 3) Identify learning
outcomes and industry needs by using the national BIM standards and involve guest
lecturers from the industry, 4) Receive teaching and administrative support by organiz-
ing BIM workshops for students, professors and industry representatives, 5) Develop
student-centered learning methods by creating distance learning courses for postgrad-
uate level for several semesters, 6) Form university coalitions for multi-disciplinary
learning to enhance collaboration between students from different backgrounds using a
cloud-based platform.

A literature review done by Barison and Santos [16] illustrated that there are three
BIM experience approaches accepted by the American universities for online collabo-
ration and 3D visualization using BIM software including single, interdisciplinary and
distance collaboration courses. The single-course approach, mostly used by universities,
consists of teaching BIM concepts and collaboration for students from one discipline.
The interdisciplinary approach aims to teach BIM strategies to students from different
disciplines in the same school; while, remote collaboration is done between students
from different schools and programs. This study [16] listed eight categories of BIM
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courses taught by different AEC schools such as workshops, training tools, or research
studies online or in person.

In the design process, the real world is often ignored or less looked at, however, all
constructions take place in a real place. Allowing Geographic Information System (GIS)
exposure for students can help them combine their designs with real-time textual infor-
mation. Enhancing civil engineering education with GIS helps students create enriched
conceptual designs that extend spatial context to BIM and engineering conceptions [17].

3 BIM at ESTP Paris

Given the importance of the construction sector in Europe, the European Commission
has supported, promoted and developed several initiatives to promote its digitalization.
The European Construction Sector Observatory (ECSO) [18] has published a report
entitled “Building Information Modelling in the EU construction sector” to study the
evolution of BIM in Europe. The ECSO examines the importance of BIM in construction
and the level of adoption for some European Countries.

In France, the adoption of BIM has made significant progress, notably with the
introduction of the Digital Transition Plan for Buildings (PTNB) in 2015, a strategic
plan intended to stimulate the application of BIM. The industry hoped that this could be
implemented across the country by 2022 but some difficulties are faced. BIM standards
concerning the law and regulation are not defined yet [19]. In addition, there is no
agreement between the French construction companies, which are still facing problems
concerning interoperability issues.

MINnD [20] (Modélisation des INformations INteropérables pour les INfrastruc-
tures Durables), is a French national collaborative research project, implemented in
2014, to develop BIM for infrastructures. The project aims to organize, use and exchange
information during the project life cycle, i.e. design, construction, operation and mainte-
nance. As a result, the BIM implementation guide and the BIM application guide are two
self-supporting deliverables that are produced to support decision-makers and project
stakeholders in the execution of BIM.MINnD also provides feedback and recommenda-
tions on practical topics such as project reviews in a digital environment, digital surveys
and the management of the convergence of BIM/GIS tools.

In order to emphasize the integration of BIM into education, EduBIM was created,
as a part of MINnD, to gather researchers, students, construction companies, architects
and software leaders around new BIM technologies. EduBIM Scientific Workshop has
an objective to reunite a community of researchers and industrials from MINnd project.
The objective is to integrate the latest finding of BIM into the academic courses. In this
context, ESTP has joined EduBIM in order to integrate the most recent technologies into
its programs (see Fig. 1).

ESTP Paris is an international gold-standard school of sustainable construction.
It trains and develops highly-skilled professionals equipped to design and implement
innovative and operational solutions to the challenges of building the world of the future
[21]. ESTP Paris offers students the possibility of integrating different majors during the
last three years of the engineering curriculum including Topography, Buildings construc-
tion engineering, Public works and Mechanical/Electrical/Energy Efficiency engineer-
ing. As a driving force in research and innovation, and a leading construction company
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Fig. 1. BIM at ESTP workflow
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partner, ESTP Paris aims to improve continuously academic programs to meet new tech-
nologies in urban and building scales [21]. To familiarize students with BIM processes,
several courses are created and integrated into the school’s curriculum. These courses
deal with BIM modeling and collaborative processes using real case project examples.
The objective of these projects is to familiarize students with the skills needed by each
BIM project member, i.e. architects, engineers, consultants and constructors (see Fig. 1).

All engineering students in the second year of the engineering cycle have a course
called GIS/CIM (City Information Modeling) in which they launch a small project to
integrate the BIM model into GIS.

3.1 BIM Parametric Modeling Project Course

Course Objective.During the first year of engineering, our objective is to teach students
the basics of BIM and BIM modeling using several software. In order to make sure that
students from different backgrounds have the necessary BIM competencies during the
three years of engineering at ESTP Paris, we integrated a new course entitled “BIM
Parametric Modeling Project” during the first year. This course is divided into two parts:
1) theoretical content of BIM and 2) software training.

Methodology. Integrating the BIM learning course during the first year of engineering
was a challenging approach. We decided to start with a three-hour-theoretical course to
present the collaborativeworkwithinBIMprojects. The topics covered are the following:
definition of BIM, project actors, workflow, interoperability, dimensions of BIM, BIM
execution plan [22], LODs, digital infrastructure and BIMManagement. To enhance the
content several real case projects in France are presented to explain the advantages and
difficulties of using BIM during the project lifecycle. In addition, different phases of a
construction project are presented, including the conception, construction, and lifecycle
management phases. This first part focuses on the basics of BIM and the major topics to
be covered in the upcoming weeks. E-learning videos are also available to help students
deepen their knowledge.

Once the theoretical part is completed, six tutorial sessions of two hours and a half
each are held to build a Digital Model. The choice of the BIM software to be used
was not easy. Different open or proprietary/commercial BIM software is used by the
Construction industry. In this course, Revit software by Autodesk was selected since
it is used by many French construction companies. Like other BIM software, Revit
is based on modeling a project by using construction components, called objects, e.g.
beams, doors, etc. [23].

During thefirst three tutorial sessions, course instructors explain the basics of the soft-
ware. The digital environment aswell as different tools for using objects, creating param-
eters, extracting data, importing and linking files, producing plans, etc., are explained.
Practical examples are done during these sessions. Once the necessary knowledge base
is obtained, students start their modeling project.

The project consists of creating an architecture model for three types of buildings:
1) a school, 2) a shopping center, and 3) a residential building and its corresponding site.
Students use two different approaches to set the models. For the residential building,
they should do their digital model based on AutoCAD 2D files that are given by their
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professor. The objective is to allow students to pass information from a 2D to a 3D
model. In this way, they would understand the advantages of using intelligent models.
For example, once they modify a component in a BIM project, all sections will be
updated, which is not the case with 2D modeling applications. The other constructions
should respect criteria that professors set at the beginning of the project. The decision
for the type of the building and the number of floors is left up to students. The objective
of this part is to verify that each member has acquired the necessary knowledge for BIM
modeling. The site is expected to respect the location of the two buildings and take into
account their geo-referencing (see Fig. 2).

Fig. 2. Example of digital BIM model based on the link file method

Students work in a group of four persons. LOD 300 and maturity level 2 are required
for this project. Before starting the modeling phase, each group is expected to set its
working method, the role of each member, and the planning process. They should decide
what information is necessary to present, and how they will organize their project.
Students will be able to model construction elements and assign/create data such as
color, material, product manufacturer, etc. They are also supposed to create their project
template, define levels/elevations, and naming standards.

Once the work method is identified, each group creates different buildings and the
associated site using different Revit files. These files are linked together to make the
project. Objects and families, which are the libraries of fully functional templates and
3D models of various objects in Revit, can be used to model projects. If students don’t
find the element needed for their project, they can create objects or import them from
different open source libraries. Dynamo is also used to export and import Excel data
to Revit. Groups will be able to extract quantities and model elements using Dynamo’s
plugin (see Fig. 3).
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Fig. 3. BIM parametric project

Course Outcomes. The purpose of this project is to teach students the ability to work
simultaneously on BIM Model using the link files method. Digital skills are needed to
model architectural plans using different approaches. To make sure that students reach
these objectives, a list of the documents is required for evaluation. Students submit
three digital models in both IFC and native formats, 2D plans for floors, elevations, and
sections in PDF format, a written report to explain their methodology, and schedules in
a delivery folder.

3.2 BIM Collaborative Project Course

Course Objective. Working simultaneously on the same BIM project is a sensitive
topic. The construction industry shows resistance to adopting BIM with a maturity level
3 because of the responsibilities involved for each project member. Maturity level 3
requires specific contracts that govern the new type of partnership between all actors.
Multi-party agreements, risk and benefit sharing, and specific insurance should also
be considered in level 3. Studies showed that adopting a collaborative method across
different disciplines seemed to be productive for optimizing the design. Adjusting the
protocols of BIM is beneficial to minimize the conflicts between the digital models [24].

During the second year of the engineering curriculum, ESTP Paris offers a real-time
collaborative BIM project. Students work on the same BIM model hosted on a cloud-
based platform.Having already acquired the necessary skills for BIMmodeling, students
are ready at this stage to work on digital models with a high maturity level. BIM360, a
synchronous virtual collaborative workspace, is used to ensure project members’ inter-
actions during the project sessions. Architectural and structural models for a residential
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building are done and uploaded continuously on the BIM360 platform. Students are able
to check conflicts between these two digital models and do the necessary corrections.

Methodology. The course is composed of five follow-up project sessions of two hours
and a half each. The purpose of each session is to present a topic related to BIM col-
laboration and to answer students’ questions. The project is done in groups of four. It is
based on a case example where each member has a specific role as in a real BIM project
such as BIM Manager, BIM Coordinator, Architect and Structure Engineer. During the
first session, instructors present the project specifications and required deliverables with
their deadlines. In addition to the project follow-up, different subjects are covered dur-
ing the following sessions, e.g. uploading models on BIM360, publishing new versions,
problems and issues and design collaboration. Instructors check frequently if all students
are collaborating using the platform.

When the project is launched, the BIMManager should establish the BIM execution
plan [25], based on theFrench standards, to control theBIMgoals and uses, the processes,
the roles of project members, the planning, the workflow, and information exchanges,
etc. This should be done at the beginning of the project before starting the modeling
phase. The BIM Manager should verify the group member’s compliance with the BIM
execution plan throughout the project. All documents are updated on BIM360 and are
accessible by group members. Notifications should be sent if modifications are done.
The BIM Manager should prepare the digital environment on a collaborative platform
and set the naming standards and templates for each model.

Once the BIM execution plan is completed, the architect start modeling using BIM
software that allows the export of the model into the IFC format. In this course, Revit
was chosen by students as the BIM software. The architect member submits the model
based on the schedule and rules defined by the BIMManager in the BIM execution plan.
The architectural model should respect the standards related to naming, submittal dates,
versioning, objects, and project specifications. The occupancy of each room should
be defined as well as the furnishings used. Students are free to select their choice of
materials. An example of an architectural model is presented in Fig. 4.

Fig. 4. Example of architectural BIM model with indicated issues.
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Based on the planning, Structural Engineer can start his model using the architectural
model (see Fig. 5). The groups can decide if they want to start structural analysis before
completing the architectural model. The structural engineer member is in charge of
designing structural vertical and horizontal elements of the project, e.g. walls, beams,
columns, and foundation. Dimensioning of these components is mandatory. Each group
is free to decide the type of construction that will be modeled. They can use steel, wood,
or reinforced concrete structures.

Fig. 5. Example of digital structural BIM model

After the architectural and structural models are completed in two different files, the
BIM Coordinator should verify the consistency between them by using different options
in BIM360, like the issues and problem tasks (see Fig. 4). To ensure the visibility of
his comments on the Revit model, students should install Revit Issues Add-In. BIM
coordinator can also use the Design collaboration option for clash detection, ensuring
that there is no conflict between the architecture and structural elements. Based on this
analysis, the comments should be assigned to BIM360 and attributed to the person in
charge of the revised model. Several clash detections are done between the models to
check the model feasibility and avoid the eventual problems during the execution phase.
Once the revisions were made by the architect or the structural engineer, the issue is
closed and the models are updated on BIM360 (see Fig. 6).

Course Outcomes. During this project, instructors check the student’s work progress
at any time using BIM360 and post their comments for correction. Compliance with the
BIM execution plan is reviewed and evaluated. At the end of the project, the submittal
folder is expected to contain various files, including the BIM execution plan, the issues
and problem report, the architecture and structural models, tables of quantities and a
report explaining the methodology used for collaborative work.
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Fig. 6. The BIM collaborative project

3.3 GIS/CIM Project Course

Course Objective. The future of the construction industry lies in the use of technology.
The entry of technology into design and construction work has resulted in new respon-
sibilities and tasks for the construction manager. As a result, construction managers’
knowledge must be updated to take advantage of advanced information technology such
as GIS, BIM, photogrammetry, UAVs, and 3D laser scanners. These technologies pro-
vide new career opportunities for engineers, maximize managerial productivity, improve
overall project performance, and efficiently perform accurate construction analysis to
plan the sequence of operations on the job site. The digital advancement of the building
sector, the arrival of BIM and its proliferation, GIS, CIM (City Information Model-
ing), etc., all have made possible the production and integration of large amounts of
heterogeneous data from different disciplines throughout the life cycle of a building.

During the second year of engineering, GIS, CIM and various other software are
taught in the curriculum. Part of the GIS/CIM course involves integrating a BIM model
into GIS. This course is divided into three parts, including 1) The theoretical part for
presenting SIG/BIM/CIM concepts, 2) The practical part for software learning andmod-
eling, and 3) The open and distance learning part in which students discover resources
provided for them. The total theoretical and distance learning parts are 12 h and the
practical part is 16 h where around three hours of theoretical course consist of BIM/CIM
and one hour of practical work for BIM model integration.
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Methodology. GIS extends the value of BIM digital design data by visualizing and
analyzing structures in the context of natural and built environments. The BIM digital
model has been around for some years as an important tool for designing and monitoring
a building during its entire life cycle from the first drafts made in the design phase
to its maintenance. The IFC format (Industry Foundation Classes) is one of the BIM
standards and an object-oriented format that allows a building to be described throughout
its life cycle. The integration of BIM and GIS provides deeper information for better
decision making, better communication and better understanding. Using BIM and GIS
with scheduled information, project participants can better understand the effects of
decisions before, during and after the project construction [26, 27].

CIM, also known as City-BIM or multi-scale BIM, is an extension of BIM at the
territorial level. It enables the management of collaborative work with a secure data and
document monitoring system, as well as exchanges, better understanding, and greater
project acceptability. The role ofGIS is to combine geographical, statistical anddatabases
in order to visualize the functioning of a space such as an infrastructure, accessibility,
areas, land use planning, flood zones, ormany other constructions. CIMcan also integrate
model data aggregated and real-time data which can be used as a decision-making tool
for municipalities, local authorities, or other organizations or companies.

In the construction sector, BIM allows the creation of digital models of buildings,
including all technical information related to the building. By combining the two tech-
nologies, it is possible to model environments that extend much more than just the
building and thus provide meaningful connecting networks, accessible infrastructures,
or even consider simulations at the city level.

Here, the project is based on the CIM concept which combines GIS with BIM
including the physical, technical, and functional characteristics of a model. In fact, the
core of this course is GIS, which teaches the use of ArcGIS software, and part of it is
also related to setting up BIM/CIM integration.

The ArcGIS Data Interoperability extension is a toolkit that allows integrating data
from multiple sources and formats for use with geo-processing tools and publication
with ArcGIS for Server. The goal of this exercise is to transform an.ifc file for viewing
in ArcGIS Pro. Figure 7 illustrates an example of a simple BIM model developed in
Revit which is then integrated into a 3D GIS city model.

Course Outcomes. During this project, students discover the interoperability of data
from different models. Finally, students submit their GIS model containing the BIM
model in the geodatabase of the GIS model as well as a process description report.
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Fig. 7. An example of SIG/BIM model on ArcGIS

4 Advantages and Difficulties

Integrating BIM courses into engineering programs for students having different back-
grounds is an interesting challenge. Students showed motivation to work in groups
since instructors used the Team/Group based learning approach. They learned how to
be organized and collaborative, given that these two characteristics are very important
to engineers. They were able to share their projects and work together at any time using
two different methods: 1) digital model based on linking Revit files, 2) digital model
based onDesign collaboration onBIM360. Bothmethods help to avoid conflicts between
different digital models.

However, instructors faced somedifficulties in order to create a collaborative environ-
ment on BIM360. The procedure to create the folder for each group, to assign members,
and to attribute licenses to users has been too long. Updating models on the collaborative
platform also has been time-consuming and required high-performance computers. It
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turns out that checking conflicts between different models is quite complicated. Stu-
dents should decide if clash detection identified by the platform should be taken into
consideration or not, since some conflicts found digitally are not real conflicts on site.

At the end of the collaborative project, students are asked for their feedback. They
were asked for their wish list and proposals to improve the course content. Students
mentioned that they faced some problems concerning online learning and stated the
need for improvement with the communication tool. Due to the covid-19 pandemic
situation, all courses were given online and students expressed the need for an instant
messaging tool in order to communicate with each other and they usedMicrosoft Teams.
They noticed that comments and issues via BIM360 can be misunderstood sometimes
and should be clearly described by the author. Students also expressed the complexity
when starting the project. It was difficult for them to write the BIM execution plan. This
document is confidential for each project and tutors couldn’t provide them with real
examples. Only templates were given to help them write an adequate document. Some
technical problems were also faced. Some students couldn’t have immediate access to
BIM360 due to software or hardware issues. Instructors did several attempts in order to
fix such problems.

Students mentioned that introducing the BIM-based team learning approach was
very challenging for them. They worked together in teams for this project. They had
to communicate with each other to define tasks and work methods, to write the BIM
execution plan, to create the building plans, to develop their models and to overcome
problems, etc. They learned more about the BIM uses and standards in France. Some of
them decided to follow an internship in companies that deploy BIM.

The collaboration approach helped students to get a general perspective of their
project. They noticed that clash detection was very beneficial for their project and helped
them to have coherentmodels. Somegroups usedCamtasia Studio to produce a video clip
showing their entiremodel process. Students also benefited from the use of video tutorials
that helped them solve their technical problems and learned new topics quickly. Submit-
ting a project through a collaborative platform was helpful for the students because the
final model files are so large and time-consuming to upload to our school websites.

ThroughGIS/CIM project, students obtained a better perspective on city information
modeling and urban planning, and this helped them to imagine, design and create a more
sustainable and resilient model by considering concepts of BIM and CIM. Therefore,
now, they can better understand infrastructure assets in terms of geolocalisation and the
interaction with the surrounding ecosystem through the project.

5 Evaluation Criteria

Various criteria were used to for evaluating student work and deliverables. Table 1 shows
the list of parameters considered for each of the student groups. These are included in
the evaluation form to correct the project.
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Table 1. BIM courses evaluation criteria

BIM parametric modeling project BIM collaborative project

-Georeferencing the site and the buildings
-Quality of the architectural models
-List of quantities
-Final model using the link method approach
-Group work
-Respect for the graphic chart and plans
naming
-List of deliverables
-Respect the deadlines

-BIM Execution plan
-Respect for the role of each group member
-Comparison report between different models
-Problems follow up report
-Quality of the architectural model
-Quality of the structural model
-Final model with both architectural and
structural parts
-Work methodology
-List of deliverables
-Respect the deadlines

6 Conclusion and Future Direction

This paper presents different approaches that are used for BIM learning at ESTP Paris
with different levels and multiple educational objectives. The first course is used to
introduce themodeling tools that will be used for collaboration during the second course.
Project learning approaches are used to motivate students and prepare them for future
engineering projects. Different digital tools are used to design digital models and to
allow collaboration between group members. Both native and IFC formats are used for
information exchange between structural and architectural models. For future courses,
it will be interesting to study the collaboration using a new file format such as BIM
Collaboration Format (BCF) used in BIM collaborative platforms.

In the third course, a BIMmodel is integrated into a GISmodel. This data integration
is beneficial in both domains of geographic information and building information mod-
eling, and it is a critical step in addressing multidisciplinary environmental challenges.
GIS and BIM integration can be used for several queries regarding pollution estimation,
road safety design improvements, solar radiation estimation, traffic management and
many more applications in both 2D and 3D simulations.

As a future teaching and research direction, we at ESTP Paris would like to focus
more on GeoBIM which deals with the integration of GIS data into BIM and the geo-
referencing of BIM models. In this regard, a translation from CityGML to IFC can be
developed to further integrate BIM and GIS as future work which requires an agreement
between multiple stakeholders from both Geo and BIM sides.
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Abstract. Kinetic architecture is the design of buildings or building systems with
transformative elements using mechanical components. Recent developments in
construction technology, robotics, design computing and material science have
increased the interest and demand for kinetic building systems and applications.
This motivation relates to the growing need for functional flexibility, adaptability,
sustainability and extended capabilities of structural performance. Although the
concept of kinetic architecture is not new in architectural theory and practice for a
few decades, it has not been sufficiently discussed in the context of Building Infor-
mation Modeling (BIM) methods. Most studies in the related literature only focus
on the parametric design and modeling of kinetic façade systems in a supportive
parametric design tool and synchronous or nonsynchronous integration of these
models into the BIM environment as 3D objects or families. Although these appli-
cations with BIM and parametric design tools have significant potentials, a large
number of recent studies ignore the essential concepts of kinetic architecture and
critical aspects of the kinetic design, simulation and analysis processes. In order
to meet these deficiencies, this paper provides a comprehensive investigation of
BIM methods in the milieu of kinetic design applications along with a sugges-
tive object-oriented ontological framework and holistic integrative strategies. The
arguments are based on the parametricmodeling and simulation of kinetic systems,
subsystems and components, as they are similar to parametric product models in
other manufacturing engineering disciplines. The paper includes the following:
(1) a critical review of the existing approaches of BIM methods and parametric
applications for kinetic architecture (2) a thorough discussion of holistic BIM
integration strategies for kinetic building systems with well-reasoned arguments
along with theoretical and practical perspectives.

Keywords: Building information modeling · Kinetic architecture · Parametric
design

1 Introduction

Kinetic Architecture can be defined as “creating spaces, objects, surfaces and struc-
tures that can physically re-configure themselves to meet changing needs, whereby an
adaptable architecture is formed” [1]. As a fundamental difference from conventional
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architectural design, architects accept the concept of motion as a design input, while
designing a kinetic architectural product [2]. Although the concept is not new in the
discipline of architecture, the rapid developments in construction, material and robotic
technologies gave kinetic building systems a visible momentum in the construction
industry. Since kinetic architecture has many applications, it is possible to classify con-
temporary kinetic architecture products as kinetic structures, kinetic façade systems,
kinetic systems that (1) transform and augment the spatial quality of the spaces and (2)
create environmentally responsive or mobile buildings [3]. These types of buildings,
building subsystems or building components have the ability to change their geometries
according to the functional and spatial needs of the users, or environmental conditions
such as wind, sun, or dynamic loads.

As the concept of kinetic architecture has grown in architectural theory and practice
for several decades, such research and development applications became a popular topic
in contemporary domains like parametric design, computational architecture, and Build-
ing InformationModeling (BIM). The literature documents many studies on the integra-
tion of parametric design tools and methods with kinetic building systems, especially
at the upstream level [4–6]. With the use of graph-based programming and parametric
object modeling add-ons, implementation of kinetic building system concepts in BIM
environments are partially possible today.

Janssen describes the synchronous workflow using BIM platforms connected with
graph-based parametric modeling systems as the “coupled approach” for the design
process and software interoperability [7]. This coupled approach has become more
popular in the AEC practice since the extended project scopes –with complex geome-
tries, advanced structural designs and adaptive building systems necessitate tightly
integrated processes that are facilitated with adequate methods, capable software tools
and cutting-edge technology.

In this regard, the literature documents a number of application examples focusing
on the “coupled approach” and the synchronous use of parametric design tools and
BIM. Example research studies can be listed as the bioinspired kinetic envelope of
Wang and Li [8], Sync-BIM of Shen and Wu [9], and the studies of Wahbeh [10]
and Brancart et al. [11]. In addition, some studies also focused on building energy
modeling (BEM) applications including integrated energy performance analyses and
green building regulations [12–16] integrated automation and physical models into a
parametric BIM design environment; and Hu et al. [17] emphasized the importance of
the interlinked “family” concept in theBIMenvironment, and established amethodology
based on the parametric family components.

From the perspective of kinetic systems, the existing literature on the coupled
approaches does not cover the essential tasks, phases and processes of design and
development. Specifically, kinematic design tasks, dynamic kinetic component analysis,
kinetic structural analysis and other BIM-specific nD applications are largely neglected.
The majority of these studies involve responsive building envelope and kinetic façade
design using parametric design tools and BIM methods. Apart from these case-based
studies, holistic approaches for kinetic BIM applications and theoretical propositions
with ontological arguments may bridge the existing gap in the BIM literature.
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This paper addresses the aforementioned issues through a comprehensive review of
kinetic architecture and BIM approaches. Fundamental design principles and workflows
of kinetic building systems are reviewed in order to provide a foundation forBIM-enabled
design, simulation and analysis necessities. Based on the concepts derived from this
effort and the coupled approach propositions an object-oriented ontological framework
is proposed for further discussion and exploration of a holistic approach for BIM-enabled
kinetic architecture.

2 Design Principles of Kinetic Architecture

An adequate kinetic building, building component, or kinetic structure should (1) meet
the required architectural, spatial, functional and structural performance expectations;
(2) have affordable actuator(s) with acceptable location(s) and type(s); (3) transform and
deploy with a designed or predefined geometry [18, 19]. Thus, the process of kinetic
design necessitates an interdisciplinary approach between architecture,mechanical engi-
neering and structural engineering [3]. Due to the demand for responsive and automated
kinetic systems and the use of smart materials for kinetic systems, mechatronics and
material science have also been added to this highly integrated research, development
and design domain. These brought forward the digital design and manufacturing tech-
nologies, parametric design, modeling, simulation and robotic fabrication tools for the
design and simulation processes of kinetic systems.

The current design flow and connected phases of kinetic building systems are pre-
sented in Fig. 1. While most of the kinetic buildings or building components can be
assumed as “mechanisms”, the design phases in the figure are largely adapted from the
workflows of mechanism design. Here, three important design phases exist for kinetic
architecture: (1) Definition of the design specifications; (2) kinematic synthesis; (3) anal-
ysis and design of parts. Since they are interconnected with byproducts and their behav-
iors, none of these phases can be omitted during the design, simulation and fabrication
process, in order to obtain an aesthetic, functional, and durable final product.

The first phase is the definition of the design requirements as the pre-design phase.
These requirements mostly cover the architectural, functional, structural, spatial and
other design requirements that change according to the type and function of the kinetic
building component(s).

The second phase is the kinematic synthesis, which involves the main geometric
design of the kinetic system. Type synthesis is the first step of this phase. In this step,
topological choices of the mechanism, such as the number and type of actuators, shape
and type of the mechanism are developed. Mechanism atlas is a database including all
types of mechanisms in the literature and this atlas helps to select the correct mechanism
type at this phase. Dimensional synthesis and design is the second step. During this
step, the basic dimensions of the kinetic system and geometry of the movement are
determined based on the predefined requirements. In the current practice, kinematic
synthesis tasks are mostly conducted in various parametric architectural and engineering
design environments.

Analysis and design of the parts are the next interconnected phases. In the scope of
this phase, all dynamic and static loads are assigned and reaction forces are calculated via
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finite element analysis software (FEA) packages. Parts of the kinetic building component
are designed, dimensioned and simulated according to these analyses. Synchronously,
component types, required force and torque of the actuators are defined according to
the assigned loads and weight of the system. In the final step, the strength of the critical
parts should be tested again via FEA analysis and/or prototypes. If needed, electronic
controls of the system are devised in this phase.

As it is seen from these phases, mechanism design processes and transformation
simulations of kinetic building system sets and components require a large set of tools,
which arguably differ from current BIM software frameworks. There are many add-
ons, plugins, or other design and simulation environments that necessitate holistic and
integrated design models, novel interoperability schemes and related procedures. In the
case of designing kinetic building envelope systems, such kinematic and dynamic design
decisions should be made in mechanism design software such as Autodesk Inventor®,
Dassault Systems Solidworks®, and/or a parametric design tool like McNeel Grasshop-
per® (with the contribution of some add-ons) which are further developed through
off-the-shelf BIM software for architectural design development.
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Fig. 1. Kinetic architecture design process

3 Integration of Kinetic Architecture and BIM

In recent years, many tools are available in the BIM and parametric design domain,
which provided extended interoperability between BIM, parametric design platforms
and other peripheral simulation softwarewhich are useful for kinetic design applications.
After the development of synchronous working models between parametric modeling
and conventional BIM platforms, complexity, transferability and modifiability of the
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model emerged as issues. In response to this, BIM platforms integrated and embed
the equivalent or counterpart external tools and add-ons into their platforms such as
graph-based parametric design packages likeAutodeskDynamoStudio® andGraphisoft
Param-o® are integrated tools for Autodesk Revit® and Graphisoft ArchiCAD®, which
aimed to extend the parametric modeling capabilities of BIM platforms with increased
model and data integrity.

Conventionally, the main design stages of kinetic building systems design are con-
ducted in complexmechanical engineeringCAD/CAMsoftware packages likeAutodesk
Inventor®, Dassault Systems Solidworks®, or Dassault Systems Catia®.With the afore-
mentioned advances in graph-based tool integration in BIM platforms, it is now possible
to carry out essential kinetic design tasks in the BIM environment, especially at the
conceptual design and design development levels. Further operations still require com-
plex CAM tools for manufacturing, fabrication and construction which also stresses
the importance of novel project workflows with appropriate information and knowledge
exchange.

The coupled approach using the aforementioned off-the-shelf BIM platforms and
the supportive tools is the current design procedure in terms of software utilization. This
approach benefits from the different design, simulation and analysis tools. However,
it cannot cover and integrate most of the necessary tools for kinetic building design,
which may be a challenging task. The discussion includes the representation of the
simultaneous movements and the properties of the kinetic components as a specific part
of the parametric BIM process and the conduction of necessary analyses for defining the
type/force of the actuators, assigned forces and the required sections for the dynamic
parts and elements.

While there is a large number of external tools available for BIM systems, common
BIM platforms integrate the equivalent or counterparts’ external tools/add-ons into their
platforms. This is because; BIM platforms encompass all steps and disciplines of the
architectural design processes synchronously through the exchange of domain-specific
parametric models. Here the possibilities for kinetic design applications rely on the
creation of dynamic meta-models/families with embedded object behaviors. This task
necessitates a shift fromconventionalBIM to kineticBIMsystems,which are specifically
devised for kinetic architecture applications.

Apart from these software use schemes and possibilities, design principles of kinetic
building systems the whole process necessitates an interdisciplinary and integrated app-
roach on the conceptual level. This is the core argument behind the adoption of BIM
and connected delivery methods such as Integrated Project Delivery (IPD). However,
the extension of the scope comes from the kinematic content of building components
which resemble the design, simulation and manufacturing processes in mechanical and
aerospace engineering. Since the core concepts of parametric BIM methods are simi-
lar to Product Manufacturing Information (PMI), a novel approach for kinetic building
systems design should involve a synthesis of BIM, PMI and CAM methods and related
data/information management schemes.
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4 Extended Kinetic BIM Ontology and the KBIM Framework

In Fig. 2, a suggestive workflowmodel for the kinetic architecture and BIM integration is
proposed.As illustrated in thisworkflow, kinetic design processes are still not completely
integrated into the parametric BIM environment and they are conducted via a coupled
approach using peripheral tools. The link between the parametric design and simulation
environments is based on the common approach of object-oriented product modeling.
However, these processes are domain-specific due to the distinction between the dynamic
and static existence of mechanical and architectural systems and components.
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Fig. 2. Workflow for the kinetic architecture & BIM integration

This approach invites a thorough understanding of an extended kinetic BIM (KBIM)
ontology-based on object-oriented abstraction. The proposed suggestive framework is
similar to the current BIMwith parametric data classes including geometry, dimensions,
and material info along with object methods and behaviors such as building component
assemblies, connections and interactions. Here, the coupled approach uses this onto-
logical framework as the basis for possible BIM implementations along with layered,
nested and parametric data. The profound distinction comes from the kinematic/dynamic
content of the aforementioned kinetic systems characteristics. This is reflected in addi-
tional object method layers concerning motion and kinetic behaviors which are similar
in mechanical and robotic applications.

The key conceptual dimension for the integration of parametric BIM and kinetic
systems design is the proposed ontological KBIM framework. This framework is devised
to be compatible with the dynamic/kinematic properties of kinetic building systems and
components in a hierarchical object-oriented approach. The ontological framework is
based on a top-down object database configured with object-oriented data structures,
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hierarchies, classes and connected variable types –vector, numeric, Boolean, string etc.
which are parametrically representing a generic kinetic building system.

The framework includes the following concepts: (1) kinetic system hierarchy, con-
struction priorities andmajor kinetic system and subsystems sets like structural category,
kinematic system type, etc. (2) kinetic sub-systems sets including internal objects, form,
size and geometry, material properties and internal object behaviors (3) relationship
types like external system connections, internal system connections, object and compo-
nent dependencies/interdependencies and assemblies (4) actuation variables represented
as relative coordinates to a joint, angular motion in degrees and time with vector infor-
mation. Such algorithmic relationships and dependencies are given as rule sets and
conditional functions. Table 1 illustrates a generic object definition for a prototypical
kinetic building system in the proposed KBIM framework.

Table. 1. An object definition scheme in KBIM ontology

Building (Generic)

System: Facade (Generic)

Component Form Structure Identifiers Relationships Actuation/Motion

K-Beam (Generic)
Geometry (x)
Size (x,y,z) Core (x)

Core (x). material (x)

Component ID# (x) 
Direction (angle)

Internal System Connections:
Substructure (x), Joint (x)

Relative Coordinates (x,y,z)
Angle (degree)
Time (sec)
Distance (x)

External System Connections: 
Facade (x), Roof (x)

The proposed object-oriented approach provides predefined and parametric seman-
tic representations for kinetic building systems. From the implementation standpoint,
the given framework and the data structure scheme are applicable using the existing
graph-based programming tools or in-built API’s of BIM platforms. This also supports
integrated processeswith essential tasks for design development among interdisciplinary
project teams.

A suggestive KBIM approach is illustrated in Fig. 3. Using the portable KBIM data
scheme, all kinematic synthesis and analysis tools are fully integrated into the parametric
BIM platform. This approach also stresses the importance of BIM-based interoperability
among tools, platforms and teams through BIM as the common design data repository
during the design and development phases.

The proposed KBIM framework can be evaluated from the perspective of current
BIM standards and connected tasks and procedures. As the workflow provides both
definitions and content for design and implementationphases, this layout has the potential
to be used for customized BIM execution plans, definitions of information requirements
and the schemes of information delivery and exchange among interdisciplinary parties
for KBIM applications. The operational implications also include the structure of the
KBIM-specific common data environments with the shared models and modular kinetic
behavior classes that are transferrable among projects.
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5 Conclusion

The design, evaluation, and analysis of kinetic building systems are undertaken within
the context of object-oriented BIM ontology regarding improvement of the design qual-
ity through process innovation. This study has produced a suggestive framework by
which the usability of the concepts of kinetic BIM models and interpretations may be
explored. The suggestions presented in this paper prioritize the dynamic characteris-
tics of kinetic buildings as the core concepts for providing a BIM-enabled approach.
The proposed framework invites new discussions about BIM implementation for kinetic
building systems design. As the holistic process requires true interdisciplinary tasks and
evaluation schemes, a tightly integrated approach has vast potentials for comprehending
kinetic systems and their physical and kinematic components. Parameterization of these
properties also creates object-oriented comprehension and decision-making schemes
for further design evaluation, analysis and implementation. The proposed model shows
that the integration of parametric BIM models and system simulation/analysis tasks is
achievable. Such implementations have the potential to evaluate different design options
considered and ultimately in improving design quality and kinetic system capabilities.
The BIM-enabled processes and potential integrated delivery methods are also valuable
for further exploration and argumentation with experimental studies, systems design
development and prototypical projects.
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Abstract. Digital models for heritage preservation applications are generally
based on non-semantic geometric information acquired through photogrammetry
or laser scanning. Addressing the need for multi-faceted application information,
a Heritage Building InformationModel (HBIM) integrates the geometric informa-
tion with other complementary and semantic data. As a comprehensive research
study on HBIM, this chapter presents a case study on the digital representation
of an underground historical water structure with integrated HBIM methodol-
ogy. Simultaneously identifying the difficulties and obstacles encountered in the
documentation process, the study proposes a system to document and examine
domain-specific information obtained through digital photogrammetry and ther-
mal imaging methods. As an application case for this, the geometric and selective
semantic data of the historical structure was modeled with BIM methods and its
integral visual programming language while considering the unit elements that
make up the structure. A feedback mechanism was established between the para-
metric HBIM model and the measurement-based analyses. The model included
the current and updatable data at the scale of unit elements that can be used in
survey, restitution, and restoration processes, with potential implications for mul-
tidisciplinary studies in construction history, architectural conservation, and smart
heritage.

Keywords: HBIM · Cultural heritage · Digital documentation · Semantic
model · Photogrammetry · IR thermography

1 Introduction

Workflows for documenting and preserving cultural heritage widely involve laser scan-
ning and photogrammetry methods as well as thermal imaging techniques to capture
data that is later processed, restructured, represented, and stored in information mod-
els. These models support the holistic and accurate assessment of the multidimensional
construction knowledge of historical buildings. As Heritage Building Information Mod-
eling (HBIM) is becoming a more pervasive methodology for heritage conservation,
restoration, and management, it is critical to focus on the data-capturing and represen-
tation processes to improve the workflows for allowing interactive and adaptable use.
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To address this need, this study proposes a systematic HBIM framework to integrate
multi-layered information of a historical structure at the level of its building systems and
components usingBIM. The system provides extended opportunities to capture and store
semantic data for dynamic use and assessment in application processes with different
levels of detail. As the implementation case of the proposed HBIM system approach,
the study focuses on a historic underground structure using digital photogrammetry and
thermography with parametric HBIM methods.

Building Information Modeling (BIM) is frequently used for the ontological doc-
umentation of the physical and functional characteristics of a building. It serves as a
source of information that provides a reliable basis for decisions made throughout the
life cycle of the structure from its design onwards. During the project cycles, BIM is
widely employed to produce parametric information about geometry, system behav-
iors, building component attributes, and energy performance. The building information
is produced and shared through common data environments built on open standards
for interoperability [1] whereas as-built BIM contributes to representing the properties
of existing buildings through reality-based data collection and reverse engineering [2].
Increasingly, BIM platforms support 3D point clouds representing the asset surface [3]
therefore they are becoming more pervasive in documenting and representing archi-
tectural heritage. As a specific application subdomain, Historic Building Information
Modeling (HBIM) utilizes parametric object libraries in BIM tools for matching the
point cloud and image data using a cross-software management platform.

HBIM is particularly suitable for reconstructing a historical structure from existing
identification data such as those from historical documents, bibliographic references,
photographs, and drawings. Using HBIM methods it is possible to deliver accurate
orthographic drawings and 3D models when required [4], but it can also include (a)
thorough research on the geometric and parametric aspects, (b) attributes, material and
system informationof the building elements at different scales; (c) possible deformations,
decay, and changes over time [5]. The HBIM model is not just a geometric reconstruc-
tion but is comprised of advanced objects containing information-rich system elements
and quantitative and qualitative identification of building system relationships [3]. By
importing point cloud information into the BIM platforms, building components can
be created using native building object definitions and data formats or BIM Industry
Foundation Classes (IFC) classes for cross-platform integration. Different from generic
family classes, a specific library of parametric and semantic elements such as walls,
roofs, stairs, doors, and windows can be created based on field measurements, point data
and legacy information for the synthesis of an as-built HBIM model [6]. While BIM
is effective in planning, designing, and building new buildings and structures, it also
has vast potentials for archaeological and historical preservation applications as well as
smart heritage management targeting the prolongment of the present and future value of
a historic site [7].

Building elements of historical buildings can be expressed with representative
geometries using BIM tools. However, representative geometries are insufficient in stor-
ing specialized information on the unit materials that make up the building elements
of historical buildings. In a historical building, each building material is exposed to
different effects over long periods and evolves into different forms such as a unique
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surface texture or various forms of deterioration. In case of loss or deformation of any
unit element in the structure, the data of the relevant unit is crucial and a precautionary
resource. For this reason, it is desirable to examine and keep data at the scale of the unit
elements that make up the structure.

This chapter dwells on an unconventional HBIM implementation for a historical
building that particularly challenges straightforward documentation and modeling pro-
cedures. Regarding the study material, research on the accurate registration of under-
ground historical structures is becoming more common. However, due to the problems
with their current conditions such as insufficient lighting, humidity and difficult access,
historical underground structures cannot be fully studied and included in registration
inventories [8]. In addition, the occurred destructions or deteriorations, and unique fea-
tures of the construction materials create critical problems that have to be addressed
specifically for each case. For every unique building, it is necessary to determine the
existing conditions with different surveying techniques, considering the characteristics
and health status of the building. This emphasizes the potential challenges in the accurate
and comprehensive documentation and modeling of building information with HBIM
methods.

2 Background

Current HBIM research studies largely focus on the transfer of geometric information
and the representation of existing physical features using parametric BIM methods.
The current literature documents numerous cases that can be considered as precedents
for this study. For the early Byzantine church of Sant’Apollinare Nuovo, Garagnani
and Manferdini [9] transformed the point cloud obtained by laser scanning method
into 3D objects by using Autodesk Revit software and the GreenSpider plugin they have
developed for this purpose. The Green Spider plugin uses the point cloud with selectable
ports. By connecting the relevant connection points to each other in the horizontal plane,
it obtains sections of the model at certain intervals. In a different study, Oreni et al.
[10] created an HBIM using laser scanning and photogrammetry to examine the cut
stones forming a damaged column at the unit element scale. Their process speeded up
the relocation of the cut stones and helped to understand the arrangement of the stones
correctly.Yang et al. [11] utilizedAutodeskRevit and its built-in visual programming tool
Dynamo to enhance the new HBIM functionalities for the Church of St-Pierre-le-Jeune
in Strasbourg, France. They transformed the HBIM framework into an ontology model
in Resource Description Framework (RDF) format for data interchange and to improve
the heterogeneity of the knowledge. Differently, this study incorporated semantic data
to the transfer of irregular geometric forms of historical buildings into the BIM software
environment and used BIM elements to create a dynamic and updatable documentation
method at the scale of the unit elements that make up the whole building. In addition, the
work identified the advantages and disadvantages that arise in the digital documentation
process for underground structures and offered practical solutions for these specific
cases.
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3 Case Study: Pişirici Kastel

The case at handwas thePişiriciKastel, an example of a historical undergroundwaterway
structure, unique in the world and included in the UNESCOWorld Temporary Heritage
List in 2018. In Gaziantep, water was historically transported by canals known as “livas”
in the local language. These canals delivered water to the users in ganes (a type of pool
in the courtyard of the houses), pools, and wells, in private quarters and kastels and baths
in public spaces [11]. Kastels and livas were included in the UNESCOWorld Temporary
HeritageList in 2018 [12]. PişiriciKastel, the oldest and themost comprehensive kastel in
Gaziantep, is located at the intersection of Pişirici and Müftüoğlu Streets in Suyabatmaz
District. It is thought to have been built during the Mamluk period in the late 13th

century. The first restoration, carried out by the Directorate General of Foundations in
2008, included the cleaning of the adjoining livas andmaking the kastel operational once
again [13].

The building, which is completely below the ground level, is accessed by stairs. Its
main space has two shallow reservoir pools interconnected by small channels. Another
pool to the south is twice as deep at approximately 65 cm. There is an additional sitting
bench in this area. In the spacewhere the pools are located, twonicheswith pointed arches
contain a clean water system for use at the latrines. Openings in the vault above the pool
area are for daylight and ventilation purposes. A mosque serving the late congregation
[14] and a partially rock-cut masjid are prayer areas [11].

4 Methodology and Scope

The employed HBIM workflow from documentation to information modeling is illus-
trated in Fig. 1. This flow consisted of four stages in two phases. The first phase included
the surveying tasks using digital photogrammetry and thermography. The modeling
phase was based on the acquired field data and parametric synthesis of HBIM models
through visual programming. The details are given as the following:

1. Photogrammetry: Point cloud data collection process using photogrammetry;
2. Thermography: Collection of thermographic data of the building with thermal

camera measurements and analysis of thermal images;
3. HBIM: Processing of photogrammetric and thermographic data using Autodesk

Revit 2020 software;
4. Output: Integration of parametric HBIM model data and thermal imaging data

through data-driven visual scripts using Dynamo.

The scope of the study was limited to the main kastel space of the Pişirici complex
which purposefully restrained the number of contextual parameters for the data acqui-
sition process. Considering the data acquisition methods heavily factor in the preceding
modeling stages, our report presents detailed information on the photogrammetry and
thermography stages. The challenges of the site and margins of error are noted.

Close-range photogrammetry is especially a simple and convenient method in terms
of accuracy, cost, speed, and accessibility for non-experts [15]. Additional data capture
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is possible by thermal imaging methods to assess the current material conditions of
historical buildings. Thermal imaging detects in real-time the temperature changes on
the surface of materials and structures and thus provides data for the evaluation of
damage distribution and accumulation. It is a non-destructive, non-contact technology
for assessing degradation in historical structures [16]. These technologies have made
it possible to record complex structures remotely efficiently and accurately, which was
not possible with previous survey methods [17]. Since data types are the determinants
in the modeling phases of the workflow, data capturing processes and parameters are
articulately explained.

Fig. 1. The employed HBIM workflow.
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4.1 Photogrammetric Data Acquisition for HBIM

Photogrammetry was the preferred survey method in the study for its low-cost and fast-
documentation capabilities to capture the surface texture in a point cloud and mesh
model. For the study, a total of 16 markers were placed on the appropriate parts of the
studied surfaces of the kastel. The “Circular 12 bit” marker type with a center point
radius of 1 cm was selected and exported from the Agisoft Metashape program in.pdf
format. During the photoshoot, the underground spaces posed lighting problems. In
order to collect the photogrammetric data of the Pişirici Kastel, the existing lighting
elements inside were turned off and non-linear lighting elements were used to obtain
more accurate information. Since the study area is an active kastel structure, the reservoir
on the west side of the pool with two chambers in the center and the pool on the south
side of these pools are filled with water, causing reflection and refraction of light. Image-
based techniques were not successful due to the refractive effect of the waves and the
refraction of water [18]. This prevented the calculation of the position and distance of
the studied object.

To overcome these operational problems, (1) existing lighting elements were turned
off, surfaces are illuminatedwith diffuse light, and (2) the photo shootingwas undertaken
between 09:30 and 11:00 on clear and cloudless days to stabilize environmental factors
such as the sun, cloudy weather, etc., (3) such care had been taken to shoot from a fixed
distance so that the illumination ratio does not change, (4) glowing segments and water
reflections were masked in close-ups.

Following the acquisition of the field data, the point cloud, mesh model, and texture
mapwere created using AgisoftMetashape. In the next step, the layers of themodel were
created using Autodesk ReCap Pro and defined according to the parts of the structure
and material properties. These were exported in the “Point Cloud Project” (.rcp) format
suitable for Autodesk Revit 2020.

The model consisted of 6 data layers data that are north, south, east, west walls, floor,
and ceiling. The resulting model consisted of a total of 381 photographs, 16 markers,
and 444,725 points. The mesh model was created by using this point cloud data that
comprised 32,072,511 surfaces.

At the last stage of photogrammetry, the texture map of the created mesh model
was exported. The software automatically applied the UV mapping process. After these
tasks were completed, the model was ready to be exported in.png or.jpeg format with
the “Export Texture” option from the “File” menu.

The equipment for photogrammetric capture included a Nikon D5000 camera with
AF-S NIKKOR Lens (f = 18–55 mm) and 12.3 Megapixel image sensor. Agisoft
Metashape and Autodesk ReCap Pro were used to create the point cloud information and
process the obtained data. The data were processed on an Asus ROG Strix GL753VE
laptop computer with a 2.8 GHz Intel Core i7-7700HQ processor, 4 GB GTX 1050Ti
graphics card with 16 GB (DDR3) RAM capacity. Instead of relying on the existing
lighting of the space, a diffused light source, Ulanzi 96 Led Video W96, was used.

4.2 Thermal Imaging Data Acquisition

The first step of setting up a thermal imaging study was to determine areas that are
suitable for thermal imaging (Fig. 2). While making measurements, selections, material
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differences, construction technique differences, and surfaces with visible deterioration
were all considered. It was observed that there are sections with the specified criteria for
thermal imaging application on the eastern façade of the building. For the first section,
a dividing wall with different ratios of surface deformation of the elements working
similarly and made of the same material, and an arch foot working in the same plane
was selected. In the second part, a suitable surface for thermal imaging was selected by
carving the existing rock surface in the niche. The third section was determined as a
rock surface that was intervened in later periods. Finally, thermal imaging was applied
on the rock surface on the wall separating the niches from each other. Measurements
were continued in the above-mentioned order. It was observed that the temperature was
in equilibrium in the indoor environment because the structure was located underground.
To apply the thermal imaging process, the surfaces planned to be thermally measured
using an infrared heat source that was heated in 5-, 10-, and 20-min periods and their
thermal images were taken at the stage when they entered the cooling state.

Fig. 2. The sequence of areas in the kastel where thermal imaging was conducted

The relative humidity and temperature values in the kastel have a significant effect on
the damage to the surface and interior parts of the building. Since kastels are underground
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water structures, it was inevitable to have high humidity due to the contextual features
of the historic structure.

The temperature value and relative humidity measurements in the kastel were taken
on September 24 through September 29, 2020, between the hours of 09:00 and 11:00 am.
Indoor and outdoor data were recorded with the Tzone TempU03 data logger at 30-min
intervals. It was observed that the indoor and outdoor temperature values were in the
appropriate temperature range. In all measurements, the surfaces were heated with an
infrared heat source from 1.5 m away for 5, 10 and 20 min. When the surfaces passed to
the cooling stage, thermal camera shots were taken from 2.5 m away at certain intervals.
The optimum heating time was determined as 20 min. The obtained thermal images for
detecting surface and internal deformations using the Testo 875 thermal camera from
the inventory of the Gaziantep University Physics Engineering Department. Indoor and
outdoor temperature (T) and relative humidity (RH) values were calculated using the
Tzone TempU03 data logger. Analysis and classification of images were made using
Testo IRSoft software.

5 Information Modeling

HBIM relies on BIM platforms, and there lies a difficulty that the point cloud obtained
from the real model cannot be defined as an information model rapidly and effectively
[19, 20]. For this reason, representative geometries were used to define the relevant parts
of the point cloud and these parts were defined within a suitable family group. After
importing the point cloud into the BIM environment, a reference grid and working plane
were placed. The vertical elements were modeled using a custom-made wall family
referencing the point cloud coordinates since the building has a masonry construction.
Roof (roof family) and floor (floor family) were modeled after the completion of the
parametric wall structures. The stone block walls were manually placed using the point
cloud information with the material information. However, each block had different
conditions due to environmental effects and physical deterioration. Themodeling process
required the extension of physical and material information embedded in parametric
building components. For this reason, the structural elements were subdivided with the
thermal imaging analysis into their unit elements. This process allowed the data entry for
each element separately.Accordingly, the operation “divide parts”was applied to thewall
and niche sections that underwent thermal imaging, over the parameterized geometric
components. The elements that make up the surface (stone blocks, carved walls, etc.)
were fragmented on the building basis. Each piece was given a parametric component
IDwithin the model. Number codes were given to eachmodule to distinguish the created
modules (Table 1). This process was applied only on the eastern façade surfaces where
thermal imagingwas performedwithin the scope of the study. A total of 50-unit elements
were created.

In the continuing stage of the study, the material information was parameterized
and embedded in meta-building elements using Autodesk Revit 2020. The materials
available in the library are selected with the “Materials” menu under the “Manage” tab.
The material information for the floor, wall and roof sections are reproduced separately
and labeled according to the applied family types. This information helped to extend
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the customized BIM database for the deriving and processing of parametric material
information with Dynamo.

Table 1. Code numbering method for modules.

View Type/Function Type sequence number
(From left to right)

Unit number

Niche Wall - NW 02

Arch Wall - AW 01

East view
EV

Limestone Carved Wall
LCW

03 It increases from bottom to
top

Upper Wall - UW 02

Plaster Surface - PS 02

5.1 Documentation of Model Data and Thermal Imaging Data with the Visual
Programming Language

To further process the modeled information and provide a customized HBIM database
for the building in question Autodesk Dynamo was utilized [21]. The key objectives for
using the add-on visual scripts were:

1. To filter specific analytical models or component sets from the HBIM model;
2. To establish a data link for the transfer of external data into the HBIM database;
3. To make BIM database queries for application-specific purposes;
4. To create an open HBIM model basis for parametric modification and propagation.

Adding Parameters to Models. In the next step, the mesh model obtained by pho-
togrammetry and the reports created as a result of the thermal imaging application was
defined as parameters. The parameterization scheme is given inTable 2 using the “Project
Parameters” command under the “Manage” tab.

Table 2. The way the desired parameters are defined in the model.

Parameter Type of parameter Group of parameter Category of the
parameter

Mesh model URL Identity data Parts

Ambient relative humidity
RH

Integer Other Parts

Ambient temperature C° Integer Other Parts

Thermal imaging reports URL Identity data Parts

Thermal imaging history Text Identity data Parts
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The defined parameters are used to transfer the data obtained by external measure-
ments as a result of the study to the model.

Selecting Parameters in the Dynamo Interface. The parametric building components
included multi-layered data forming the holistic information model. These data layers
helped to separate and organize geometric information into units and connected material
attributes. In order to determine the required parameters, the unit materials were listed
according to the code numbers created in the previous stage. These were selected using
the Dynamo interface component “Element.GetParameterValueByName”. All param-
eters in the module lists created using the “Element.Parameters” component were
called. From the parameter list, the sequence number and the necessary parameters
were selected.

ConvertingModel Parameters into Updatable Tables. The selected parameters were
viewed and changed as“Multi-Category Schedule” in theAutodeskRevit 2020 interface.
However, data must be exported so that expert users can make instant revisions. In the
initial stage, a common Excel file was created and defined in the Dynamo interface with
the “File Path” component. The same file was linked with the “Data.ExportExcel” and
“Data.ImportExcel” components. Using this procedure, a simultaneous data link was
established to make updates on the field and the BIM environment.

The parameter types of “Mesh Model” and “Thermal Imaging Reports” were
transferred into the created Excel file using the “URL” type with Dynamo.

In the previous phases, the photogrammetry meshmodel was uploaded to the Google
Poly website with the code numbers for each module defined in the Dynamo interface.
The link address of each loaded module was placed in the relevant column of the Excel
table.

Similar processes were applied for thermal imaging reports transferred to a folder
in the cloud storage services of Google Drive. Thermal imaging data, ambient temper-
ature, and ambient relative humidity data were transferred to the table in line with the
information obtained by the data logger during operation.

After these processes, the “Data.ExportExcel” component was frozen in the
Dynamo interface, and the “Data.ImportExcel” procedure was activated. When the
created system chart was running, the data in the Excel table was transferred into the
“Multi-Category Schedule”.

5.2 Results

The proposed HBIM approach and the devised workflow engaged the parametric syn-
thesis of the holistic BIMmodel derived from the photogrammetry-based meshmodel of
Pişirici Kastel. The obtained field data in the point cloud and processed thermal images
were used as the basis for parametric building components and system families. The geo-
metric information was matched using the point cloud coordinates with the determined
building layers such as walls, arches, and roofs. The parametric building components
were further developed with material and physical condition information. The holistic
HBIM model provided the material and component-based query and take-off options
for further systemic evaluations.
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The study approached the concept of materiality in a preservation-focused fash-
ion. The material properties of each stone block were parametrically captured with the
thermal imaging method which allowed the creation of specific material histograms to
evaluate systemic and component-based deteriorations. Structural anomalies were repre-
sented in the HBIMmodel for further assessment and documentation. The superposition
of thermal images made it possible to access critical factors like relative humidity and
the average temperature on the component surfaces.

The level of detail (LoD) of the HBIM model was prepared in LOD300 detail
according to the LOD Spec 2019 standards determined by BIMForum [22] (Fig. 3).

Fig. 3. Documentation of representative geometries at unit element scale (LOD 300).

TheholisticHBIMmodelwas derived from the point cloud and synthesizedwith IFC-
based components and parametric objects. This combined the HBIM semantic model
and the Kastel structure representation model. The semantic model included the data
at the unit element level using the “code ID numbers” assigned to the fundamental
unit elements. By using a “double-channel data link” method, a feedback loop was
established between the surveying andHBIMdocumentation workgroups. Such changes
made using the Revit software were exported in Excel format through the codedDynamo
interface. Likewise, the data obtained in the field was imported to the HBIM model
software using the tabulated spreadsheet.Oneof the important advantages of the prepared
model was that the surface texture could be digitally archived with any scale of units.
This scale transitive approach allowed the creation of the object-based database for
future interventions and restorative applications. The HBIMmodel also provided a time-
labeled parametric library for comparative evaluations related to the surface texture of
the building.

6 Conclusion

The study elaborated on HBIM as an effective documentation method for smart heritage
applications along with distinct advantages and current problems for implementation.
With the point cloud support in BIM software platforms, historical building point cloud
data obtained through real-time measurements techniques like digital photogrammetry,
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LiDAR, etc. can be utilized as the basis for application-specific HBIM models. In addi-
tion, the employed HBIM implementation approach provides the concurrent evaluation
of structural and systemic properties of historic buildings. As the critical part of this
approach, optimal conditions should be met in order to improve the accuracy of sur-
veying and measurement techniques. Another issue is the time-consuming process of
unit-based parameterization and hierarchical organization of IFC building components
in BIM.With the future automation methods for geometric recognition, IFC-based com-
ponent generationmay help to overcome the problems for complexmodeling tasks. From
the operational perspective, the use of a Dynamo-based data interface made it possible
to embed the HBIMmodel with thermal measurements. This also implies the possibility
of transferring different semantic data to enhance the HBIM model through visual pro-
gramming and API interfaces. In addition, such organization of LoD thresholds in the
HBIMmodelmay help to filter use-specific information for desired building systems and
components. Metadata models that describe the relationship between a subject and an
object, such as RDF (Resource Description Framework), have the potential to generate
Dynamo data sets. Simultaneously, RDF models may facilitate the creation of standards
and common use procedures for HBIM studies.

The employed HBIM methodology and the proposed implementation framework
made it possible to document the existing conditions and evaluate the structural and
systemic issues in the context of Gaziantep Pişirici Kastel as a comprehensive case study.
The advantages include the capture of surface texture informationwith high accuracy and
the determination of sub-surface components and anomalies which are also applicable
to different historic buildings.

The study also provided usable parametric information at the unit element scale,
obtaining texture and 3D data for any need-oriented processes or reproduction of build-
ing elements due to loss, deformation and systemic deteriorations. On the other hand, it
provided the opportunity to store all kinds of information, including physical analyses
and archival documents related to sociocultural memory. As an extension of this study, it
is possible to incorporate various information in different formats to form a cloud-based
common data environment. As the expertise levels are limited in terms of technologi-
cal capabilities and application knowledge, the exchange of HBIM models and related
databases are more likely to integrate distributed workgroups through the sharable BIM
models and parametric components.
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Abstract. Bottom-up modeling appears to be a suitable approach for the urban-
scale building energy performance assessment with providing valuable infer-
ences on the complicated building energy patterns and helping authorities mon-
itor/predict the energy demand for urban planning and retrofitting. Archetype
characterization is the utmost challenging process when developing bottom-up
models since there is a large diversity in characteristic features of building stocks.
This gap induces practitioners to seek stochastic methods even though the deter-
ministic approaches are solid guides in archetype characterization. Hence, the
research objective of this study is to provide insights into the motivation, chal-
lenges, and methods of the studies conducted to assess the buildings’ energy
demand at the urban scale. The original value of this research is to analyze/question
different archetype characterization methods and their practicability over wide-
ranging studies, identify the most crucial characterization parameters and assess
the validation techniques to enhance the demand estimations of urban building
energy models (UBEMs). To that end, this study performs a literature review and
mainly provides the following findings: (1) The required characterization method
is highly dependent on the purpose and scope of the study. (2) The Bayesian cali-
brationmakes ground inUBEMpractices as it consolidates themodels’ estimation
power through the probabilistic archetype characterization. (3) Considering the
notable fluctuations in buildings’ energy demand induced by occupancy patterns,
detailed occupancy profiles could improve the archetype characterization. Finally,
the major setback is the lack of available data to characterize energy models with
building-specific information. (4)Building informationmodels (BIMs) could soon
play a pivotal role in supplying such data for UBEM practices. This study con-
tributes to the literature by fulfilling the lack of perspective that concentrates on
the archetype characterization methods in UBEM. The findings could help prac-
titioners (e.g., policymakers and city planners) and academics to comprehend the
potential of the UBEM that improves energy management strategies at the urban
scale.
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1 Introduction

Theworld’s energy consumption has reached a critical point with 31.5 Gt CO2 emissions
in 2020 [1]. The demand caused by growing populations urges authorities to develop
energy reduction strategies. In addition to the incentives for using renewables, gov-
ernments intend to decrease greenhouse gas (GHG) emissions by notable amounts. In
2020, European Commission set a 20% reduction target in GHG emissions than in 1990
[2]. The building industry accounts for 17.5% of global GHG emissions [3]. Hence, it
bears a tremendous responsibility to achieve such targets and overcome sustainability
problems. Previous studies show that individual models are commonly used to predict
the buildings’ energy demand and develop energy-efficient design concepts. However,
considering large and dynamic cities with many unknowns, the building energy models
(BEMs) are insufficient to reveal the actual performance of building stocks. For this rea-
son, the crucial and urgent need is to observe the interaction between building clusters
to comprehend similar energy consumption patterns and propose district-level energy
management strategies.

Different approaches in mass building energy modeling at the urban scale have been
introduced in the field. These are the top-down and bottom-up approaches [4]. In the
top-down approach, the aim is to interpret the historical data to predict the overall energy
consumption using economic assumptions for the future trend. However, the building
stocks of cities reserve a large variety of building types with heterogeneous energy
demand. Thus, this approach remains incapable of imitating reality [4]. On the other
hand, the bottom-up approach focuses on single buildings or building clusters of the same
type by making statistical inferences on the historical data or generating dynamic energy
models. Additionally, this approach provides insights into refined energy consumption
patterns, and it is valuable to determine the possible energy reduction measures over the
models tested with retrofit actions [21].

The objective of this study is to provide generalized insights into themotivation, chal-
lenges, and methods of the studies conducted to analyze the buildings’ energy demand
at the urban scale by investigating model characterization techniques and identifying
the vital characterization parameters. In this sense, this study presents the statistical
and engineering bottom-up models, examines the model validation via the Bayesian
calibration method, and investigates different techniques to create sophisticated occu-
pancy profiles. The absence of the digitized databases at the urban scale, such as rarely
seen BIMs, geographic information systems, or energy benchmarking and consumption
reports, obstructs obtaining information for building energy performance assessment to
characterize the models with unique features or calibrate their outputs with the measured
data [6]. Since UBEMs are parametric district models in which the development and
simulation depend on digital format data, BIMs could improve the interoperability of the
platforms used in such practices [7]. In this sense, this study also discusses the possible
contributions of BIMs to UBEM practices.

A literature reviewwas conducted to achieve the research objective of this study.Web
of Science was used as a database for identifying the publications. Different sources,
including articles, conference proceedings, academic dissertations, software, web-based
tools, and technical reports, were examined, and the related onesweremanually selected.
The reviewed sources were published between 2002 and 2022 since urban-scale building
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energy modeling is a nascent research area. A total of 71 publications addressing urban-
scale building energy modeling were included within the scope of this research. All
selected papers are in Q1. Special attention was paid to select the journals with impact
factors bigger than 1.0.

2 Bottom-Up Energy Models

With the increasing energy demand of the building sector [1], cities’ building stocks
must be analyzed for energy efficiency. However, analytical findings on the energy per-
formance of the buildings are not easy to be derived considering the challenge of storing
the relevant data and the great variety in building typology and occupancy characteristics.
In this sense, Swan and Ugursal reviewed the existing literature to describe the various
energy modeling efforts at the urban scale [4]. Accordingly, the top-down approach pre-
dicts the districts’ energy demand and provides generalized suggestions using historical
data and economic models while missing the diversity at the individual level. On the
other hand, the bottom-up approach investigates the energy performance of buildings or
clusters of buildings by generating statistical/physical models [4]. These models are also
great devices to implement retrofit actions properly on the building stocks because they
hold valuable databases that enable altering buildings’ characteristics to evaluate the
energy performance [5]. The benefits and limitations of the bottom-up energy modeling
studies are provided in Table 1 based on the literature review findings.

Table 1. Benefits and limitations of the studies on the bottom-up building energy models

Reference Bottom-up
model

Archetype
characterization

Benefits Limitations

[8, 10, 11, 17] Statistical Deterministic Simple model
development
Representing the
aggregated demands

Acquiring
building-specific
data
Lack of detailed
occupancy
profiles
Unsuitability for
retrofit
assessment

[9] Statistical Probabilistic Accurate results/
GIS-based
visualization

Acquiring
building-specific
data
Lack of detailed
occupancy
profiles

(continued)
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Table 1. (continued)

Reference Bottom-up
model

Archetype
characterization

Benefits Limitations

[20, 28] Statistical and
Engineering

Deterministic Suitability for
retrofit assessment

Oversimplified
archetype
characterization
No detailed
occupancy
profiles

[29, 30] Engineering Deterministic Representing the
aggregated demands
Suitability for
retrofit assessment
[30]

Oversimplified
archetype
characterization
No detailed
occupancy
profiles
Serious error with
the small-scale
analysis [29]

[35, 40, 41] Engineering Deterministic
and Probabilistic

Representing the
aggregated demands
Providing value
ranges for
characterization
parameters [40]
Comparing the
effectiveness of
multi-scale energy
models [41]

Weak archetype
characterization
Weak and
complicated
result validation
[35, 41]

[39] Engineering Deterministic
and Probabilistic

Sensitivity Analysis
Testing the Bayesian
Calibration
Comparing the
deterministic and
probabilistic
archetype
characterizations

Acquiring
building-specific
data
Lack of detailed
occupancy
profiles
Complicated
model
development and
simulation

[13, 16, 18, 38] Engineering Probabilistic Sensitivity Analysis
Testing the Bayesian
Calibration [13, 16]
Suitability for
retrofit assessment
[13, 16, 38]

Acquiring
building-specific
data
Lack of detailed
occupancy
profiles
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When conducting urban-scale building energy performance assessment, it is difficult
to separately analyze each building due to the uncertainties arising from the diversified
energy characteristics of building stocks. Therefore, the archetypes representing building
clusters with the same physical, thermal, and functional properties are created in bottom-
up models using the available building literature (e.g., surveys, regulations, census,
and building audits). Some of the essential archetype characterization parameters are
the building’s geometry, envelope properties, the detail of the mechanical equipment
installed in a building, and the occupancy profiles.

2.1 Statistical Models

The statistical models investigate the relationship between the buildings’ energy-related
parameters and the metered energy data via data-driven reasoning. Identifying the
archetypes that represent building clusters is entirely based on the statistical interpre-
tation of the historical data. The energy demand calculations might be inaccurate since
there is no physical interaction regarded entirely in such models. However, considering
the simplicity of the model development and simulation, statistical models can assess
the generalized trends at the urban scale. Plus, with the recent development in machine
learning and artificial intelligence, data-driven models might be handy in observing the
building energy demand of cities [75, 76].

Statistical models usually feel the absence of detailed archetype characterization
due to the data unavailability, and the oversimplification of the model elements may lead
to discrepancies in result validation. Dall’O’ et al. developed a system that simplifies
the energy certification process by allowing web-based access for building databases in
Northern Italy [8]. With a regression model, they analyzed the correlation between the
buildings’ age and compactness ratio and predicted the final energy demand with a 9.7%
deviation from the metered data.

Howard et al. developed a district-based energy model of New York in [9]. The floor
area alone was used in the linear regression to determine the annual energy demand.
Although the model values only one input parameter to perform the regression, the
authors predicted the demand within the 2.5% error range [9]. Similarly, Mata et al.
created 598 archetypes to mimic the energy performance of the building stocks of four
different EU cities with a simple archetype characterization and observed around 4%
error in result validation [10]. Ballarini et al. created 18 archetypes and analyzed the
buildings’ energy performance before and after the retrofit actions [11]. The authors
utilized TABULA [12], a platform integrated with the geographic information system
(GIS) aiming to initiate a comprehensive database for the EU countries’ building stocks.
Using suggestions from TABULA, they obtained satisfactory results that enable retrofit
assessment over the building stock [11].

When archetypes are obliged to be rendered with a limited amount of information,
predetermination of the critical parameters (i.e., sensitivity analysis) becomes evenmore
critical. Thus, the focus can be directed to those parameters in data collection and veri-
fication. Several studies conducting sensitivity analysis showed that parameters, such as
indoor air temperature [13], construction period [15], climate [10], air change rate [13,
14], compactness ratio [15, 16], and orientation, and thermal/light transmittance [16,
17], fundamentally influenced the building energy demand.
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Besides the simple linear models, some statistical models utilize more advanced
machine learning algorithms. Such models could be valuable when the relationship
between the building characterization parameters and the energy demands is in compli-
cated forms, or the input data lacks a notable amount of information. Table 2 summarizes
the machine learning algorithms and the processes the algorithms were used in UBEM
applications below.One should be careful about the dynamics of the available dataset and
the essentials of the problem in choosing the machine learning algorithm for clustering
and classifying the archetypes and predicting the building energy demand.

Table 2. Machine learning algorithms used in statistical models

Process Operation Algorithm

Archetype Development Clustering K-means Clustering [77],
Segmentation [78].

Archetype Characterization Regression and Classification Quasi-Linear Regression [78],
Ran-dom Forest Classifier [80].

Energy Demand Estimation Regression SVM Regressor & MLP
Regressor [79],
Gradient Boosting Regressor
[81], SVM Regressor and
Random Forest Regressor [82],
Multiple Linear Regression [83]

2.2 Engineering Models

Thebottom-up engineeringmodels reserve themost sophisticated and accurate technique
for the energy performance assessment of building stocks as they evaluate the thermal
interaction between the model elements in the dynamic calculations (Fig. 1). These
models are great tools for energy reduction strategies over retrofit measures as they are
regeneratable physical models [19–25].

Generating a dynamic model of building stocks might be challenging considering
the required computational power over the vast number of model elements with high
resolution. The existing building literature usually does not allow equipping models
with detailed information. Therefore, the model development maintains its complication
even with the archetype approach that relieves the simulation effort with representative
buildings. In addition, the optimal number and the quality of archetypes are in doubt since
the answer depends on the functional and characteristic diversity of the urban building
stocks [26, 27]. Thus, the common practice indicates the deterministic characterization
when dealing with archetypes. This approach assumes single values for input parameters
andmight bemissing the variation from the structural ambiguity of the built environment
while enabling concrete interpretation over the district energy patternswith the simplified
approximation.

As an early attempt of UBEM, Ascione et al. developed 16 archetypes and simulated
the model via EnergyPlus [28]. They considered the active/passive systems’ efficiency
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Fig. 1. UBEM workflow

and the building envelope properties to characterize archetypes. This deterministic app-
roach does not comprise most of the building stock, and the result’s validation reveals a
10% error [28]. Österbring et al. created an engineering model of Gothenburg in which
the dynamic calculations were relied on the single zoning principle [29]. They aver-
aged the input parameters from several databases and deterministically characterized
the archetypes. This induced a remarkable deviation between the calculated and mea-
sured data for clusters with higher resolution, whereas the aggregated results showed
that the district level calculations had only a 3% error from the measurements [29].

Chen et al. introduced a fluid platform that enables automatically generating UBEMs
[30]. The platform is called CityBES [31, 32]. It uses the available literature to gather
and convey the building data to an existing tool, CBES [33], which sets and simulates the
energy models. CBES [33] also facilitates the calibration of the simulated results, and it
harbors an excellent control function over the urban stocks’ energy performance bymak-
ing retrofit and cost-effectiveness analyses. However, CityBES [31, 32] only covers a
limited scope of commercial buildings, and the complete framework becomes paralyzed
during a lack of data [30]. Moghadam et al. developed a new method that combines the
statistical and engineering models to analyze the building stock’s current and improved
performance [20]. The statistical model detected the districts with poor energy perfor-
mance using linear regression correlating the building types and the energy demands.
The selected districts were then used in the engineeringmodel to analyze the effect of the
retrofit actions. This oversimplified archetype characterization led to a 10% prediction
error [20]. Using a simplified methodology in dynamic building simulation through the
TEASER platform [34], Schiefelbein et al. created a Python-based framework that accel-
erates the UBEMdevelopment [35]. A simple deterministic characterization was applied
to the model. However, the sophisticated occupancy profiles adapted from Richardson
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et al. [36] and some physical parameters were stochastically characterized. While the
averaged simulation results were satisfactory, the validation process over the metered
data remains weak and complicated [35].

The stochastic procedure in archetype characterization, on the other hand, aims to
find the optimal values for input parameters by manipulating them until getting con-
sistent simulation results with the metered data. Hence, it requires a value range for
each parameter, and selecting those ranges depends on both experience and the available
literature [14]. Therefore, the probabilistic archetype characterization is troublesome to
perform and rare in UBEM applications [5, 37].

De Jaeger et al. created possible value ranges for parameters utilized in stochastic
archetype characterization [38]. The work covers detecting the value ranges for each
random variable and examining their likelihood over the historical data. This study
showed that generating probability density functions (PDF) for characterization param-
eters could be valuable in accurate UBEMdevelopment through sensitivity analysis [38].
In a detailed study, Cerezo et al. developed the energy model of Kuwait City with the
archetypes characterized by both deterministic and probabilistic methods considering
the simplified occupancy patterns [39]. They also optimized the stochastically charac-
terized model through Bayesian calibration. The result displays that the deterministic
models’ prediction varies significantly from the metered data, whereas the output is
satisfactory for the probabilistic and calibrated cases.

The probabilistic characterization does not guarantee a certain level of agreement
with themetered data, evenwith the sophisticated input parameters. Some studies caused
hesitance on its feasibility and necessity with their scope and modeling approach. For
example, Buffat et al. created a UBEM combining the deterministic and probabilistic
characterization [40]. The database and the assumptions used in this partly stochas-
tic approach fell short of imitating buildings’ actual characteristics, and the calculated
demand mirrors the measurements by only 60% [40]. Accordingly, Ali et al. examined a
UBEM at four different scales: National, city, county, and district [41]. After processing
the building-specific data to elaborate its reliability, they deployed a simple probabilistic
archetype characterization. However, the simulation results were not validated with the
metered data, and the demand estimations are internally consistent for only the smaller
resolutions rather than the national scale [41].

3 Bayesian Calibration in UBEM

Using the available literature to classify and characterize buildings might not be enough
to comprehend the actual case in the built environment with many uncertainties. This
is because the building characterization parameters may differ from what was specified
in the literature, the occupancy patterns affect the energy performance, or the model-
ing might not be wholly performed. Therefore, calibration of the demand prediction is
essential to offer reliable energy models. In this section, the Bayesian calibration (Fig. 2)
is explicitly observed as it facilitates the probabilistic characterization of the building
archetypes and is a popular method in UBEM applications [37, 89].
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Fig. 2. An effective workflow for the Bayesian Calibration in UBEM

Bayes’ Decision Theory is based on predicting the possible outcomes of an event by
observing the prior distribution of that event [84, 85]. In our case, the Bayes’ estimator
works to estimate the possible outcomes for different values of each characterization
parameter by examining the error between the metered and simulated demand (Eq. 1):

P(Ci|x) = P(x|Ci)P(Ci)
∑

i P(x|Ci)
(1)

The likelihood function P(x|Ci) is an error function (Eq. 2) that minimizes the error
between the metered and simulated demand [39, 45]:

P(x|Ci) =
{
1, Error

[
y(Ci), x

]
< α

0, otherwise
(2)

The term y(Ci) represents the simulated demand according to the parameters set-
ting Ci, whereas x represents the metered demand. α is the maximum error term set
by the modeler. In Bayesian Calibration, the goal is observing the prior distribution
of each characterization parameter P(Ci) according to the likelihood function P(x|Ci),
and then normalizing the numerator term with the marginal probability of the likeli-
hood function over all parameter settings to get the posterior probability for the specific
parameter setting. Here, the parameter should be considered either as discrete or con-
tinuous. For example, an archetype’s thermal transmittance (U-value) can vary from 1.0
to 3.0. Then, the prior and posterior distributions of this parameter should be a discrete
function (probability mass functions (PMF)) or a continuous (probability density func-
tion (PDF)) comprising the values zero to three. Bayesian Decision theory can be easily
implemented and effective in UBEM cases. However, this type of naïve assumption
might yield bias when there is a high correlation between the input parameters, in our
case, characterization parameters [85]. Therefore, the modeler should value the num-
ber of parameters calibrated during the process, which brings us to the topics: Feature
selection and sensitivity analysis.

To calibrate a UBEM based on the Bayes’ theorem, one should first perform feature
engineering and then sensitivity analysis to detect the most critical parameters affecting
the buildings’ energy performance [39]. Feature engineering is a data pre-processing
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technique that enables extracting critical information from the data intuitively andmathe-
matically. It requires domain and statistical knowledge and can improve the quality of the
data as it can derive new features, exclude unnecessary features, or handle missing data
[86]. Likewise, sensitivity analysis is a process that examines the amount of uncertainty
in the output that is induced by the change in a particular or a set of input parameters
[87]. Using sensitivity analysis could help derive the optimal number of parameters that
play vital roles in determining the building energy demand. After conducting sensitivity
analysis, selected parameters are introduced in the model as initial values, and their
occurrence probability is observed, ranging between a set of values (prior distribution)
obtained from the existing literature within the part of Bayesian inference [42]. Once
creating prior distribution for each parameter, Bayesian calibration examines this vari-
ation in the parameters’ values and seeks the best fit between the predicted and metered
results by introducing errors about inherent uncertainties in building energy performance
and climatic conditions [18].

The normative modeling in energy performance simulation is a popular approach as
it employs simplistic assumptions on the buildings’ envelope and surroundings [88] and
thus requires less simulation effort than the dynamic simulation [43]. Such a reduced-
order modeling approach enables the calibration of models, which is a labor-intensive
task considering the required computational power over the massive amount of data.

Heo et al. calculated and validated a building’s energy demandwith a normativemod-
eling process [18]. The simulation error was reduced from 24% to 3% after the Bayesian
calibration. The authors also investigated the efficiency of the calibrated model by com-
paring it with the dynamic energy model and concluded that the normative approach
could be tailored to the UBEM practices considering its time efficiency in model cre-
ation and validation [18]. Similarly, Heo et al. used normativemodels of two commercial
buildings to analyze the possible effects of several retrofit measures after Bayesian cali-
bration at the individual and aggregate levels [23]. The calibration improved the model’s
demand estimation by about 52% and allowed better saving predictions through themea-
sures [23]. Using the normative method, Booth et al. assessed the energy performance
of a residential building in the UK and analyzed the benefits of the Bayesian calibra-
tion [44]. The calibrated results demonstrate a significant improvement in the energy
demand estimations. However, this enhancedmodel can still reserve uncertainties within
its inputs. Calibrating the results based on merely the selected parameters neglects the
disregarded parameters’ impact on the overall energy demand, and thus it interrupts the
model’s estimation power [44]. Therefore, one should carefully consider the quantity of
the energy-sensitive parameters used in calibration.

Sokol et al. developed a calibration framework over the UBEM of Cambridge
City [45]. They performed the Bayesian calibration on a small stock with homoge-
nous features and propagated the procedure to the urban stock. The authors observed
that introducing a stochastic approach to archetype development resulted in accurate
demand prediction in the district-scale simulation after calibrating the results over the
monthly/annual data. When the model was trained with the small-scale samples, they
applied the same methodology to the urban residential stock. The results show that the
deterministic scenarios lead to severe errors, whereas the probabilistic characterization
still provides compatible values with the metered data [45]. Wang et al. created a UBEM
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to predict the heating energy demand of Amsterdam’s residential stock [13]. Using the
six years of metered data, the authors updated the archetypes’ features according to
their occurrence probability within a specified range and validated the simulation results
over the Bayesian calibration. The proposed method improved the model’s accuracy by
around 60% in predicting the heating demand [13]. Chong et al. touched on the chal-
lenge of validating model results with metered data due to their storage form; monthly
and daily/hourly [46]. They analyzed the chiller systems’ performance of two build-
ings in different climates through Transient System Simulation Tool (TRNSYS) and
EnergyPlus platforms, habilitated those models’ output for the calibration, and kept the
deviation between the results and metered data under the 15% error limit (stated in
the ASHRAE Guideline 14 [47]) [46]. With a simplified physical model, Risch et al.
validated the results of multiple BEMs to enhance their functionality in UBEM appli-
cations [48]. The archetypes representing those models were identified with different
levels of detail regarding the building characteristics via the TEASER platform [34]. The
Bayesian calibration enhanced the model’s estimation capacity, and the results showed
that the calibration could be optimized with the further-detailed archetypes as the prior
distribution of the uncertainty parameters is better known [48].

The Bayesian calibration offers a reliable solution to overcome the inherent uncer-
tainties that can arise from the diversified occupancy patterns or occur when installing
the energy-related parameters in the construction phase or developing the energy models
[50]. The Bayesian calibration allows detecting the most probable values for the input
parameters through a stochastic approach and creating highly representative archetypes
for building clusters. According to the PDFs, Sokol et al. observed that some of the
characterization parameters, such as the occupancy comfort level and the occupancy
rate, displayed slightly less ambiguity than the others [45]. Therefore, they might be
deterministically assigned to the archetypes. This indicates that introducing a compre-
hensive sensitivity analysis before the calibration to assess the parameters’ impact on the
final energy demand forms a massive part of the UBEM calibration [39]. Furthermore,
the metered consumption data at the individual-building level are essential to empower
the model consistency and dynamize the calibration process [45, 49]. The benefits and
limitations of the Bayesian calibration studies are presented in Table 3 by providing a
relevant data source.

Table 3. Benefits and limitations of the studies on the Bayesian Calibration

Reference Model Calibration
level

Benefits Limitations

[18, 44] Normative Building Huge error reduction
via calibration
Retrofit Assessment
[18]
Referring to the
importance of the
number of the
parameters used in
calibration [44]

Adapting the
process to UBEMs
Lack of the metered
data with high
resolution

(continued)
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Table 3. (continued)

Reference Model Calibration
level

Benefits Limitations

[23] Normative Building and
District

Huge error reduction
via calibration
Including uncertainty
analysis

Only comprising the
commercial
buildings
Adapting the
process to UBEMs

[45] Dynamic District and
City

Huge error reduction
via calibration
Comparing the
deterministic and
probabilistic
archetype
characterizations
Calibrating the results
based on both
monthly and annual
metered data

Lack of the metered
data for each
building with
end-use-specific
information
Unsatisfactory
results for the
large-scale analysis

[13] Dynamic District Huge error reduction
via calibration

Lack of the metered
data for each
building with
end-use-specific
information

[46] Dynamic Building Huge error reduction
via calibration
Including uncertainty
analysis
Calibrating the results
based on both
monthly and annual
metered data

Adapting the
process to UBEMs

[48] Reduced order
model

Building Providing archetype
characterizations with
different levels of
detail
Huge error reduction
with the most detailed
archetypes

Adapting the
process to UBEMs
Lack of the metered
data with high
resolution
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4 Uncertainties in Occupancy-Related Parameters

Buildings reserve many uncertainties that obstruct the calculation of the accurate energy
demand. The occupant preferences with complex and multifarious patterns are an excel-
lent example of the uncertainty parameters affecting the building energy consumption
(Fig. 3). These preferences bring instant heat exchanges in the entire envelope and alter
the buildings’ energy demand frequently. This is because the residents manipulating
the thermal, ventilation, and illumination conditions over the active/passive systems to
obtain quality indoor air profoundly impact the building energy performance [51–56].
For example, Santin et al. showed that the occupancy parameters evidenced 4.2% of the
variation in the final energy demand using a statistical bottom-up model [57].

Fig. 3. Occupancy-related uncertainties. Adapted from Yan et al. [70]

There is a large diversity in occupancy patterns that makes the archetype charac-
terization very complicated. This diversity is either caused by spatial parameters (e.g.,
the total number of occupants with seasonal variation) or individual use (e.g., change
of location, use of appliances with different rates and settings) [58]. All these uncer-
tainties have been a concern in the field, and practitioners developed various determin-
istic/probabilistic methods to predict the cyclic behavior of occupancy patterns using
statistical data from the energy-use schedules and surveys (Table 4).

Widén andWäckelgård developed a simple but reliable framework for the occupancy
profile estimation [59]. This method analyzes the statistical patterns and assumes the
probability of the following activity. The individual and shared activities, as well as their
stable and cyclic natures, were regarded in the model. However, the model achieved only
the linear occupancy profiles over the large-scale sample sets [59]. Page et al. predicted
the presence/absence of the individuals and groups at a randommoment [60]. The model
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Table 4. Benefits and Limitations of the studies on the occupancy-related uncertainties

Reference Target/Output Approach Building use
type

Benefits Limitations

[36, 59, 62] Occupancy
Profile

Stochastic Residential Accurate profiles
for the aggregated
patterns
Easily generatable
profiles [36]
Considering the
occupancy-related
uncertainties [59]

Lack of the
adequate
reference data
Not effective
with small-scale
datasets [59]
Overcomplicated
profile
development [62]

[60, 67] Occupancy
Profile

Stochastic Commercial Accurate profiles
Valuable in urban
planning [67]

Overcomplicated
profile
development
Need for motion
sensor

[63] Occupancy and
Plug Load
Profiles

Deterministic and
Stochastic

Commercial Accurate profiles Need for motion
sensor
Hard to follow in
UBEMs

[64] Occupancy
Profile and
UBEM

Stochastic Residential Accurate profiles
Adapting the
process to UBEMs

Weak archetype
characterization
Lack of the
adequate
reference data

[66] Occupancy
Profile and
UBEM

Population-Based
(PopAp)

Campus and
Hospital

Imitating the
transportation
models

Unclear result
validation

[25] Occupancy
Profile and
UBEM

Stochastic Residential
and
Commercial

Utilizing the
mobile phones in
data collection
Demonstrating the
importance of
detailed
occupancy profiles

Weak archetype
characterization
Lack of the
adequate
reference data

[69] Occupancy
Profile and
UBEM

Deterministic Residential Simple profile
development
Accurate profiles
for the aggregated
patterns
Adapting the
process to UBEMs

Weak archetype
characterization
Not revealing
real-time energy
demand

successfully predicted the aggregated and peak loads that could be utilized to manage
the demand at a specific time. However, the complex structure of this probabilistic model
and its calibration through the sophisticated data from a motion sensor complicates the
model’s applicability in future studies [60]. Analyzing the participants’ usage intensity
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and mobility from a survey, Richardson et al. generated a stochastic model predicting
the number of active/passive occupants and their mobility and activity patterns [36]. The
resulting error was drastic due to the poorly made survey. However, this model could
be optimized by averaging the most probable occupancy profiles, derivable from a tool
[61], and utilized in the studies where occupant preferences have a moderate impact
on the building energy performance [36]. Using a survey on French households, Wilke
et al. proposed a model predicting the generalized occupancy patterns and used the
validated framework for analyzing the individual patterns in more detail [62]. However,
this complex model required extreme computational power and failed to reflect the
induvial patterns, although the aggregated results were consistent with the recorded data
[62]. Mahdavi et al. examined an office building with eight residents to generate plug
load schedules based on several occupancy profiles [63]. These profiles were obtained
using both deterministic and probabilistic (adapted from Page et al. [60]) approaches,
and the outputs were validated with the metered data from the sensors detecting the
power consumption of devices and the human movement. The results showed that the
deterministic model performed well to mimic the aggregated results, whereas the peak
loads matched the stochastic models’ predictions [63]. Nevertheless, the study is hard
to implement for mass modeling as it contains only a small-scale examination, and the
proposed method requires motion data from smart monitoring devices [63].

Even though the sophisticated occupant profiles fall short of reducing the uncertain-
ties in building performance assessment, they might help derive reasonable interpreta-
tions of general trends or extreme seasonal demands for building stocks. Thus, well-
designed occupancy profiles could benefit UBEM practices by enhancing the archetype
quality and simulation’s reliability.An et al. analyzed the cooling energy demand of a dis-
trict in China [64]. They generated detailed occupancy profiles adapted fromWang et al.
[65] and energy consumption patterns concerning active/passive ventilation, lighting,
and indoor comfort. The approach neglected to detail the archetype characterization,
and cooling demand was the only factor influencing the occupant preferences. How-
ever, the model could be utilized in UBEM applications as it successfully reflects the
aggregated and peak energy demand [64]. Gaining inspiration from the transportation
models that focus on the individual activity patterns, Mosteiro-Romero et al. developed
a stochastic occupancy model integrated within a basic district energy model covering
campus and hospital buildings [66]. The authors compared the proposed model with
the conventional deterministic and probabilistic models to analyze their variation in the
prediction of occupancy profiles. Dismissing that the result validation was unclear, this
study demonstrated that detailed occupancy profiles could be valuable for managing the
peak energy demand [66]. Wang et al. created dynamic occupancy density profiles for
the multiple commercial buildings within a UBEM and predicted the occupancy pro-
files with a slight variation from the field measurements [67]. To improve an existing
framework called TimeGeo [68], Barbour et al. analyzed the occupancy patterns with
the data gathered from mobile devices [25]. The model investigated the occupancy rate
and the occupant mobility to derive stochastic occupancy profiles for a UBEM. The
model was characterized using the standard and proposed profiles, and an 18% variation
on average was observed for the final energy demand [25]. Considering the electricity
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usage rate and indoor temperature levels based on the hourly and seasonal user prefer-
ences, Fernandez et al. created simplified occupancy profiles and validated them with
the census and metered data [69]. The best-suited schedule was used to characterize the
selected archetypes of the UBEM. Although the proposed method could not reveal the
real-time energy demand, it could be adjusted to district-level analysis with satisfactory
aggregated results [69].

5 Discussion

The bottom-up models are great tools to assess the building stocks’ energy performance
through the archetype approach, imitating the buildings’ energy-related features over
representative models. The literature review results indicate that the direct compari-
son of the statistical and engineering bottom-up models is impossible considering the
advantages and disadvantages of both models. Given that, the scope of the study and
the available sources should be the determinants of the model selected in district-level
analysis. For example, the statistical models could be favorable regarding the simplicity
of the model development even though they are out of function without historical data
and unqualified to assess the retrofit actions’ impact. Likewise, the engineering models
require high computational power and a labor-intensive process tomake reliable demand
estimations.

This unpractical comparison applies to the methods used in archetype characteriza-
tion. In deterministic characterization, the characterization parameters are assigned as
single values to the archetypes. This method is deficient in capturing the natural diver-
sity of the built environment as it employs the characterization parameters without any
validation/calibration. On the other hand, the probabilistic approach identifies the char-
acterization parameters by correlating them with the metered data until getting the best
fit. However, this procedure might be challenging considering the complexity of con-
ducting detailed characterization for each parameter. Thus, the prior studies suggested
performing sensitivity analysis to select the essential parameters and calibrate the model
[5, 37, 39].

Allocating the utmost effort to archetype characterization with non-occupancy-
related parameters prevails among the current practices since the simplified occupancy
schedules usually provide the models with reliable predictions on the aggregated energy
demand. However, sophisticated occupancy schedules display significant advantages in
revealing the demand of the peak hours and thus presenting more precise consumption
patterns. According to the literature review findings, only a few UBEMs were integrated
with detailed occupancy schedules due to the exhausting model development and sim-
ulation. Hence, archetypes with elaborative occupancy profiles in UBEMs stand as a
heavy target since the data composing/validating those profiles misses detailed informa-
tion about the occupants’ mobility and energy consumption patterns. Similarly, these
sophisticated profiles require advanced monitoring systems to gather the motion and
consumption data [70] and are often based on residential buildings, complicating their
adaption in district-level practices with diverse building types [58].

The findings confirm that the most significant problem in evaluating building per-
formance at the urban level is attaining the data to characterize and validate the model.
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The existing building literature lacks such comprehensive data for tens or even hun-
dreds of building clusters. Significantly, the data for the buildings that experienced
several renovations are not often updated, or the metered data for validation are usually
stored in aggregated forms without end-use and household-specific information. This
prominently obstructs understanding the buildings’ real-time demand and improving the
reliability of building performance simulations. Hence, the absence of high-quality data
constitutes the urgent need of the UBEM studies. To that end, BIMs play a key role in
providing the archetypes with detailed characterization parameters since they reserve
building-specific information within a framework that enables data update and sharing
(i.e., Common Data Environment (CDE)) [90]. File formats for BIM conform with the
tools used in UBEM development [91], and archetype generation by the collaboration of
BIM and GIS platforms could be possible for district-level analysis [71, 72, 92], where
the level of archetype detail is crucial [73, 93]. Similarly, BIMs are sophisticated models
equipped with the information necessary in all project phases. Utilizing the data from
those living models in UBEM could enable life cycle assessment (LCA) of building
stocks [74, 94, 95].

Even though some studies integrated the statistical and engineering models, they
usually provided a comparative analysis to depict the best approach [21, 96]. Only a few
studies utilized the power of these two modeling approaches [82, 97–99]. According to
this hybrid modeling approach, the engineering models can be utilized in establishing
the base model to estimate aggregated demand. In contrast, the statistical model can be
employed in more complex situations that require substantial computational cost and
time, such as tuning the characterization parameters or utilizing the model in the retrofit
actions. Owing to the recent development in machine learning, data-driven models may
yield overachievements with valid data preprocessing and proper algorithm selection.
Again, such achievements are highly dependent on the modeler’s inference capacity on
data, a combination of the domain and statistical knowledge.

In conclusion, one could benefit from each modeling/characterization technique by
setting the target correctly and determining the parameters calibrated to enhance the
models’ reliability through sensitivity analysis. As the need for advanced models with
higher resolution arises, it is evident that the broadly characterized UBEMs and the
advanced data-drivenmodelswill soon be the key actors in energymanagement strategies
at the urban level.

6 Conclusion

This study examines the dynamics, benefits, limitations, and future trends of the building
energy performance assessment at the urban scale. The original value of this research
is to analyze/question different archetype characterization methods and their practica-
bility over wide-ranging studies, identify the most crucial characterization parameters
and assess the validation techniques to enhance the demand estimations of UBEMs.
Accordingly, this study contributes to the literature by fulfilling the lack of perspective
that concentrates on the archetype characterization methods in UBEM practices. There-
fore, the findings of this research could help practitioners (e.g., policymakers and city
planners) and academics to comprehend the potential of the UBEM that improves energy
management strategies at the urban scale.



176 S. Bolluk and S. Seyis

The findings suggest that the Bayesian calibration enables the probabilistic archetype
characterization and thus improves the models’ estimation capacity. Different methods
were introduced to understand the importance of the occupancy profiles with many
unknowns in the occupants’mobility and energy consumption patterns. In this regard, the
occupancy profiles were affirmed to be essential archetype characterization parameters
since they materially impact the building’s energy demand. Finally, the literature shows
that the absence of data constitutes a vital problem for UBEMs. BIMs could resolve this
problem as they are high-resolution databases on building-specific information.

This study attached particular importance to the archetype characterization of
UBEMs. Advanced computational methods could enhance the probabilistic archetype
characterization where mainly the prior distribution of the characterization parameters
suffer from unreliable data sources. For example, machine learning algorithms could
bridge this gap as it facilitates the recovery of such databases. Considering the find-
ings of this review paper, curating the occupancy profiles might be the next step in the
manner that enables the manipulation of those profiles in probabilistic archetype char-
acterization. Above all, hybrid models integrating engineering and statistical models
might be the next popular UBEM approach as they benefit from the advantages of each
model. One question is whether the complexity of the statistical models to get more
accurate results might aggravate the result interpretation since most machine learning
models are black-box models performing an enormous number of calculations without
revealing many insights to the users. Therefore, using explainable artificial intelligence
(XAI) techniques could enhance the interpretability of such models, ease observing the
interaction between the characterization parameters and the energy demand, and thus
increase the capabilities of hybrid models.
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Abstract. Existing literature focuses mainly on the benefits of SCs, particularly
the impact of technology, however, efforts to explore the current challenges in
implementing technology in SCs have been limited. The purpose of this research
is to investigate the benefits and challenges of BIM in the development of SCs and
to examine the role of governance, regulations, and policies in SCs; determining if
the extant initiatives are sufficient or not. A sequential explanatorymixed-methods
design approach was employed. Data has been gathered from 54 questionnaires,
followed by semi-structured interviews to gain additional qualitative data. The
main quantitative and qualitative findings show that data privacy and security are
the biggest technological challenges in SC development and that further regulation
and legislation is required to protect citizens against privacy threats. The results
of this work can be useful to professionals and policy makers working on SCs as
well as researchers to better understand the current gaps.

Keywords: Smart city · Technology · Governance · Regulation · Policy

1 Introduction

Cities have a major responsibility in opposing climate change, and the implementation
of innovative smart technologies is an important aspect in reducing pollutants and emis-
sions and enhancing sustainability within cities [1]. A city can be defined as smart when
expenditures in human and social capital and transport and technological infrastructures,
drive economic development and better standard of living, by wisely managing natural
resources, via collaborative governance [2]. Smart Cities (SCs) can help tackle the issues
created by growing urban populations and hastened urbanisation [3], therefore cham-
pioning the UN Nations 2030 Agenda Sustainable Development Goal (SDG) 11. The
aim of this goal is to transform cities into safe, resilient and sustainable places, whilst
protecting the environment [4]. Digital technologies are facilitators of SCs and can be
used by cities to confront environmental matters, distinguish the key trends, and uncover
variances of technical and policy levels [5]. The main technological drivers behind SCs
include Building InformationModelling (BIM), the internet of things (IoT), blockchain,
big data, artificial intelligence (AI), cloud computing and robotics [6]. While technol-
ogy is beneficial to the sustainable development of SCs, certain challenges arise through
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its application. These include disruption to the labour market, maintaining social cohe-
sion, inclusiveness and solidarity, and questions around security and privacy [6]. The
government cannot solely tackle these issues; therefore, corporations and new citizen co-
operatives should exercise their social and corporate responsibility by advocatingpolicies
and regulations that resolve social difficulties [7]. Current research demonstrates that
technological advancement is driving SC realization, however, the obstructions and com-
plications in implementation are indeterminate. This paper usesmixed-methods research
to combine quantitative results and qualitative findings to develop a more thorough dis-
cussion around the research questions. It explores the benefits and drawbacks of the
key technological drivers in the development of SC, and enquires into how regulations,
policies and governance can support technology in the advance of SCs.

2 Literature Review

2.1 Benefits of the Key Technological Drivers for Smart Cities

Alongside growing environmental demands and infrastructure requirements cities are
increasingly pressurised to provide an improved quality of life (QoL) for citizens. Data
and digital technologies are employed in SCs with the intention of enhancing QoL [8] as
more complete and instantaneous data allows authorities to observe events as they occur,
comprehend how requirements are shifting and react with quicker and more economical
solutions [9]. BIM offers a valuable source for SC as it can comprise several types of
data including geometric data, time-related data, geographic data, resource budgets and
building properties; this allows specialists to work together during the entire life cycle of
assets [10] that form the SC. As BIM develops to facilitate SCs through various software
applications, open standards such as Industry Foundation Classes (IFC) and CityGML
are of increasing importance for the interoperability of data [11]. Moreover, as BIM
is being mandated by several governments globally such as the UK, Singapore, Italy,
Germany and Peru, there is greater motivation to explore BIM for cadastral reasons [12].
Building automation systems can reduce the greenhouse gases emitted by buildings [13].
Emissions from vehicular traffic can also be reduced with smart traffic lights, congestion
charges and other mobility applications [14]. Moreover, communicating real-time air-
quality data with citizens via smartphone applications allows them to take appropriate
precautions to diminish adverse health effects [15]. SC applications that alleviate traffic
jams through smart syncing of traffic lights can lessen bus journeys significantly whilst
real-time navigation warns drivers of disruptions and provides themwith a quicker route
[16]. Additionally, digital signage and mobile applications could provide commuters
with real-time updates about disruptions and allow them to modify their journeys on the
spot [17]. Although technology is not an instantaneous solution for crime, authorities
can use data obtained from SC applications to employ limited resources and staff more
efficiently [18] and applications such as real-time crime mapping can use statistical
investigation to highlight trends [19]. The installation of IoT sensors on current physical
infrastructure can assist personnel in executing predictive maintenance and repairing
snags before they cause failures or interruptions [20]. E-career centres and digital hiring
platforms create more effective hiring procedures and attract more unemployed citi-
zens into the labour force [21] and data-directed formal education and online retraining
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courses can augment collective skill-base of a city [22]. Lastly, the digitisation of gov-
ernment operations including business licensing, permitting and tax filing can save time
spent by local businesses on bureaucratic paperwork, thereby promoting amore effective
and enterprising business environment [23]. Table 1 summarises the main benefits of
technological drivers in SCs.

2.2 Challenges Arising from Technology Use in Smart Cities

Although SC technology improves and benefits the lives of urban residents, there are
notable risks and challenges [24]. Significant matters of concern in the smart environ-
ment are the management of the vast quantities of data and preserving and protecting
the privacy of citizens [25]. If data conservation is not appropriately managed, society
could face severe repercussions, including the disturbance of services and the downturn
of community life [26]. The internet is the main driving force behind the functioning of a
SC; however, centralisation and a city’s connection are a cause for risk and vulnerability
as attackers use the internet connection as a channel for their attack [27]. Such attacks
essentially halt an entire organisation for many hours, causing train disruptions, bridge
closures and negative impacts on citizens’ lives and the economy. Cybersecurity is there-
fore an imperative requirement to protect and maintain the benefits of SC technologies
[28]. Moreover, the implementation of technology in SC is complicated and could pose
an obstacle if not executed correctly [29]. Technological understanding and proficiency
vary amongst citizens, which could create social exclusivity and hierarchy if citizens
are not engaged with or educated throughout SC implementation [30]. Another signif-
icant challenge is the high cost of using smart technologies to modernise and improve
infrastructure, hence governments must explore all avenues for funding and financing
to develop a suitable business model [31]. Lastly the various solution and device types,
with different service-specific platforms creates fragmentation, resulting in interoper-
ability challenges [32]. Table 2 summarises the main challenges of technological drivers
in SCs.

Table 1. Benefits of technological drivers in SCs

Technology benefits Source

Better traffic flow 16, 17

Improved energy efficiency 13, 14

Augmented digital equity 22

Safer cities 18, 19

Renewed infrastructure 20

Efficient public services 23

New economic development activities 21, 23

Enhanced citizens’ quality of life and health for citizens 8, 15
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Table 2. Challenges of technological drivers in SCs

Technology challenges Source

Security and hackers 26, 27, 28

Privacy concerns 25

Complicated implementation of
infrastructure

29

Engaging and educating citizens for
social inclusivity

30

Legislation and policies 33, 34

Funding and business models 31

Interoperability 32

2.3 Role of Governance, Regulations and Policies in Smart Cities

Cities become more productive with the application of SC policies [3], and there is
numerical proof that demonstrates a positive correlation between the application of SC
policies and urban economic operation [33]. Another benefit of SC policy is the stimu-
lation of innovation that grows a city’s pool of knowledge, one of the key acknowledged
drivers of economic growth [34]. The use of BIM for SCs can be associated with smart
governance and policy development. The IFC is an open file format established by
buildingSMART alliance, used for architectural, building and construction data, that is
compatible with numerous BIM tools [35]. Therefore, the use of data as a source for 3D
cadastre has been investigated since the classification founded on 3D models is highly
significant for SCs [36]. Similarly, the best know data format for 3D City Models, that
provides semantic information and detailed data for geospatial and city objects, is the
CityGML [37].

For SCproposals to obtain the required investment to be realised, legal and regulatory
structures need to be up to speed with latest technologies [38]. Due to the disconnec-
tion between legal frameworks, citizens’ needs and technologies, SCs encounter various
legal and practical issues in employment of their innovative policies [39]. Furthermore,
the lack of precise or adaptable legal frameworks for SCs could defer or hinder some of
their programmes [40]. SCs face many challenges that exceed the competencies, profi-
ciencies and reaches of their conventional organisations and their established forms of
governing, hence necessitate new and inventive methods of governance [41]. Under the
term smart governance which includes these innovative governance methodologies, the
government administers and applies policies towards the augmentation in citizens’ QoL,
through information communication technologies (ICTs) and by purposefully including
andworking togetherwith stakeholders [42]. There are several standards published by the
International Organisation for Standardisation (ISO) relating to SCs.With regards to city
services and QoL, standards under ISO 37120:2018 enable the implementation of smart
city policies, technologies, and practices whilst the purpose of ISO 37122 (Indicator for
Smart Cities), published in 2019, is to assess the performance of SCs regarding meeting
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sustainability goals throughout city advancement [11]. ISO 19152 Land Administra-
tion Domain Model (LADM) supports the creation of geographic information systems
(GIS) as well as spatial planning, suggesting the assimilation of spatial planning and
land administration environments [11]. The standard for BIM to GIS conceptual map-
ping is ISO 19166. Moreover, the purpose of the ISO/TR 23262 standard is to increase
interoperability between geospatial and BIM domains, particularly to align BIM and
GIS standards, whilst ISO/TS 19166 outlines the theoretical basis for representing data
fromBIM toGIS [43]. Nonetheless, the numerous questions surrounding concerns about
government leadership and collaborative models of governance call for further research
[44].

3 Methodology

This section presents the research methodology for the mixed methods-based theory
investigation concerning the use of disruptive and innovative technologies in SCs. This
method allows for a broader and more comprehensive insight into the various benefits
and drawbacks of technologies used in SC implementation and presents a way to expand
on theory using the data. When the aim of research is to analyse certain situations
and outcomes by depending on the observations and opinions of relevant professionals,
a qualitative study is applicable [45]. On the other hand, when the aim of research
is to comprehend the connections and consequences between elements, a quantitative
approach is more applicable [46].

Since the intentionof this study is to analyse the benefits anddrawbacks of technology
use in SCs and explore how governance, regulations and policies and can address the
privacy and security challenges, a mixed methodology was selected.

Sequential mixed-method research describes a study where the research stages take
place consecutively, with one stage either developing from or following the other. Both
the research questions and methodology employed in the second stage are contingent
on the previous stage [47]. In the case of this study, analysing journal articles, reports
and books performed first literature review. The purpose of the literature review was
to identify the benefits and challenges of technologies that informed the quantitative
research in the form of a research questionnaire, developed by a qualitative follow-up
interview.

Study participants were UK-based and from within the science, technology, engi-
neering and mathematics (STEM) field, with either an expertise or interest in innovative
technologies within SCs. Career examples included, but were not limited to, engineers,
project managers, architects, urban planners and researchers. Before commencing the
study and contacting participants, approval from Ethics Committee at the University
College London was obtained. Consequently, in May 2020 the potential participants
were sent a link to the online questionnaire via email and LinkedIn messaging. Upon
completion of the questionnaire, participants had the option to share their email address
to arrange a follow up interview in July 2020. Interviewees were selected from the
questionnaire study participants who expressed their interest in discussing their answers
further. Interviews took place virtually via Zoom and were recorded with the intervie-
wees consent. Notes were taken during the interview, but the recordings were used to fill
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in any information gaps. The informed consent formwas available for the participants to
read and agree to before answering the questionnaire. Moreover, all responses obtained
from the questionnaire were anonymous, minimising confidentiality risks. Additionally,
data was stored on a protected server.

The quantitative study offered a good base for the successive interviews and hypothe-
ses from the quantitative phase were carried forward to the semi-structured interviews.
No challenges were encountered at the interface between the quantitative and qualita-
tive phases. The qualitative study was used to confirm the results of the quantitative
study. Therefore, the feedback from how the investigation was interpreted informed the
interpretation of the final results (Fig. 1).

Fig. 1. Research methodology flowchart
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4 Results

This section presents the quantitative study from the questionnaire followed by the results
of the qualitative study from the interviews.

4.1 Quantitative Results

The online questionnaire was completed by 54 participants, whose job titles ranged from
managing director and innovation lead to assistant professor and research intern. The top
three represented business areas were engineering (20.4%), multidisciplinary (16.7%)
and consulting (14.8%). The total years of experience in each of the sampled partici-
pant’s respective field varied. Majority (44.4%) of the participants had over 10 years
of experience. While 31.5% of the participants had 5–10 years of experience 24.1% of
the participants had 1–5 years of experience and only 3.7% had less than one year of
experience.

4.1.1 Understanding the Relevance of Smart Cities

Firstly, it was asked to rank the most relevant areas to Smart Cities. Over 50% of par-
ticipants ranked the pertinent SC areas determined from the literature review, in the
following order from most relevant to least relevant: people, environment, governance,
economy, mobility and living (see Fig. 2). It was also asked which of the challenges
ascertained from the literature review could be tackled through SC implementation.
Over 90% of participants believed that air pollution and urban congestion challenges
can be tackled and approximately 50% of participants also considered that water short-
ages could be alleviated, and safe energy access supported through SCs. In contrast, only
a third of participants thought that housing shortages and crime could be reduced and
less than 20% of participants deemed that SC application could confront inequality and
social segregation challenges (see Fig. 3).

Fig. 2. Relevant areas in SCs
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Fig. 3. Challenges that can be tackled through SC implementation

4.1.2 Technological Drivers in Smart Cities

When asked about the relevant of the numerous SC technologies discerned in the liter-
ature review, over 70% of participants considered big data, geospatial technology and
IoT as being essential in SC development. Approximately 55% of participants consid-
ered robotics and augmented and virtual reality (AR and VR) to be quite significant
technological drivers. A total of 28% of participants considered blockchain to be quite
significant or essential, whereas the majority (55%) deemed it to be neutral on the Likert
scale from not applicable at all to essential. Conversely, approximately 50% of partici-
pants regarded autonomous vehicles and drones to less applicable in SC development.
It is worth nothing that the only four technologies that some participants considered to
be not applicable at all were robotics, blockchain, autonomous vehicles and drones and
AR and VR. Moreover, it was less than 6% of participants that considered either one of
the four technologies to be not at all applicable.

With regards to the impact of technology on the eight SC benefits identified in the
literature review, the percentage of participants that ranked technology as having themost
influence on each benefit is as follows: better traffic flow (63%), renewed infrastructure
(50%), efficient public services (30%), improved energy efficiency (22%), new economic
development activities (13%), better citizen QoL (13%), augmented digital equity (7%)
and safer cities (5%). In terms of the technological challenges identified in the literature
review, the percentage of participants that ranked each challenge as the biggest challenge
is as follows: privacy concerns (79%), security and hackers (65%), funding and business
models (13%), ensuring social inclusivity (11%), engaging and education citizens (11%),
interoperability (11%), legislation and policies (9%) and complicated implementation
of infrastructure (7%).

4.1.3 Challenges Resulting from the Use of Technology in Smart Cities

The literature review demonstrates that there are number of challenges that arise from
the use of technology in SCs. Participants were asked to rank these challenges on a
Likert scale from 1 (Minor challenge) to 5 (Major challenge). Over 70% of participants,
considered the need for data privacy security and portability and cyber security risk to be
the most major challenges. Approximately 60% deemed the clarity of ethical approach
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around data sharing, assets and intellectual property (IP) and clear commercial arrange-
ments to avoid conflict around exploitation of IP to be a major challenge. Two-thirds
of participants ranked the need for internationally agreed standards and the question
of insurance and liability as 4/5 on the Likert scale indicating that these challenges
are slightly less significant than the four previously mentioned. On the other hand, the
same proportion regarded the need for standardisation or interoperability of data (57%),
regulatory compliance requirement (61%) and the need for original governance models
that enable data and asset sharing (54%) to be neither a major nor a minor challenge.
Moreover, an average of only 1.6% of participants rated any one of the nine challenges
as a minor challenge.

Further questions focused onprivacy and security challenges as theywere determined
to be the main challenge in the literature review. Therefore, participants were asked
to rank the pertinency of the various methods used to safeguard citizens privacy and
security (see Fig. 4). Over 90% of participants believed that educating citizens about the
privacy and security risks involved would be beneficial. In contrast, only a third deemed
consulting citizens to be a useful approach. Anonymity and privacy measures and cyber-
security were also highly regarded as being valuable in confronting privacy and security
issues, by over 85% of participants. Only 43% of participants deemed authentication and
encryption to be a helpful approach and less than 30% of participants believed security
monitory and access control as useful in safeguarding citizens’ privacy and security.

Fig. 4. Means of safeguarding the privacy and security of citizens

4.1.4 The Role of Governance, Regulations and Policies in Supporting Technolog-
ical Advancement of Smart Cities

Various governance challenges that arise during the development of SCs. Participants
were asked to rate ten of these challenges on a Likert scale from 1 (Not relevant) to 5
(Highly relevant). Around two thirds of participants consider lack of access to infor-
mation and insufficient citizen awareness, engagement and participation to be highly
relevant challenges. Moreover, no participants judge these two challenges to be not rel-
evant at all. Likewise, no participants deem gaps between government and governed
to be a completely irrelevant challenge, however a fewer percentage (56%) regard it to
be highly relevant. Approximately 65% of participants believe that lack of access to
technology and unbalanced geographical development are relevant challenges, whereas
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slightly fewer (58%) think the same of unwarranted centralisation and absence of insti-
tutional coordination and instability in governance. Over half of all participants think of
shortage of social services and no equity in access to opportunities and resources to be
neutral on the Likert scale. However, the percentage (40%) of participants that consider
no equity in access to opportunities and resources to be relevant or highly relevant is
significantly higher than the percentage (28%) for shortage of social services and no
equity in access. Only one participant considers low urban institutional capacity to be
a highly relevant governance challenge, but at the same time, over 70% of participants
think it to be neutral on the Likert scale and roughly 10% think it to be irrelevant or not
at all relevant.

There are various existing laws and regulations that support the safe use of technology
in Smart Cities, however, as technology progresses and develops, these laws should be
amended simultaneously (see Fig. 5). Consequently, 18.5% of participants consider
improvements to privacy law and 11.1% consider built environment law to do likewise.
3.7% of participants deem that ICT law and 1.9% suppose IP rights law should be
upgraded. Those participants who chose other all consider that more than one law needs
to be renewed in accordance with the level of the SC. Finally, when asked if the current
laws and policies in place were enough to protect citizens against threats associated with
SC technologies, 82% of participants responded that they were not sufficient, and that
additional laws and policies were needed. Participants were invited to explain why as
open answer, and reasons included: ‘Regarding AI, a lot of policies and regulations have
not been implemented to limit the possibilities of what can be created or done with AI.
Although this may be beneficial, people can misuse AI for personal gain or unethical
purposes.’ and ‘Technology evolution is lighting therefore requires new laws to protect
the citizenry and counter unforeseen threats’.

Fig. 5. Laws to be improved to support safe technology use in SCs

The literature review discerned several reasons for implementing SC policies. When
asked to rank these reasons, the percentage of participants that ranked each reason to be
the most important is as follows: Data protection and usage (69%), Privacy and personal
rights protection (50%), Reliability and Liability (15%), Information security (13%),
and Conflict of interest (13%).

The implementation of a SC and the technologies employed within it, involved sev-
eral stakeholders. However, only some of these stakeholders need to be involved in the
creation of policies and regulations surrounding the use of technology in SCs (Refer
to Fig. 6). According to over 90% of participants, city and national governments must
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be involved in forming policies and regulations. Two thirds of participants deemed that
research institutions should also be involved. Only 50% of participants think that energy
providers, telecom providers, technology vendors and banks and insurance companies
should be involved. This could be because these organisations are usually privately
owned, hence might develop policies and regulations with self-bias. Similarly, even
fewer (32%) participants believe that investors should be involved because they could
devise policies and regulations for their own financial gain. Approximately 40% of par-
ticipants consider that universities and schools, digital agencies, construction companies
and public transport providers should contribute to policy and regulation development
while around 30% think that start-up incubators, logistic providers, health-care providers
should be involved. Participants also suggested other relevant stakeholders such as cit-
izen (representatives), technological specialists, national standard bodies, innovation
agencies, planners and consultants.

Fig. 6. Stakeholders to be involved in the creation of policies and regulations for SCs

4.2 Qualitative Results

Out of the 54 participants, 8 (hereby referred to as participant A-H) volunteered to
participate in a follow-up interview.

4.2.1 Benefits and Drawbacks of the Technological Drivers in Smart Cities

Participant A believes that ‘the purpose of SCs is to improve citizens QoL and technol-
ogy enables cities to have a better quality of opportunities from automation to efficiency
gains’. Likewise, participant E says that ‘automation and efficiency gains provide a bet-
ter quality of opportunities’, just as participant G believes that ‘technology will improve
efficiency therefore improving citizen experience’. In the opinion of participant D, ‘a
city’s services can only improve by measuring the current performance to make future
improvements. This is enabled by technologies that collect data by digitally monitor-
ing what the city is doing.’ Correspondingly, participant B says that ‘the purpose of
technology is to augment services, provide insights and help with policies.’ However,
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participant F mentions that ‘the workforce should be reskilled as public services get
automated.’

Participant C questions the technology-expense use case, ‘that is whether or not a
technology will reduce cost or cause improvement’. Similarly, participant G asserts that
‘it is important to question if there is a good ROI for each technology’. Multiple par-
ticipants mentioned the social issues that arise with the implementation of innovation
technologies, for example citizen’s acceptance of using individual and amalgamateddata.
Additionally, participant D states that ‘privacy concerns are huge challenge for imple-
mentation followed by legislation and policy. Moreover, security and hackers should not
be a problem if the other factors are resolved’. Participant F goes on to add ‘the question
of how to engage the market is another challenge’.

4.2.2 Privacy and Security Challenges

According to participant D, ‘standards are extremely useful in addressing security chal-
lenges’. Participant H believes ‘it is straightforward to introduce new standards, but the
challenge lies in getting the standards through regulatory compliance and getting gov-
ernment approval’. However, participant A affirms that ‘there are already a number of
international agreed IT standards, and it would only be a challenge if there are many new
standards to approve of’. Equally, participant B asserts that ‘standards regarding data
privacy and security already exist’ and suggests that ‘GDPR could give guidance for
handling privacy and security concerns around data’. Participant H says that ‘maintain-
ing data privacy is all about permissions and who access to the data. Hence information
should only be revealed on a need-to-know basis’.

‘The necessity for standardisation of data and how SCs across the nation and even-
tually the world is interoperated, is a longer-term problem’ according to participant C.
Equally, participant F says that ‘we need to find a set of things that can be used and
re-used in future SCs to make them all uniform to each other’. Participant H believes
that ‘the challenge of cyber security risk lies in the managing the perception of how the
population views it’. Likewise, participant G states that ‘the clarity of ethical approach
around data sharing, should not be a challenge with appropriate perception manage-
ment’. Participant D raises ‘the question of insurance and liability if the private sector
is involved, and challenges how the liability would be allocated between government,
private and public sector and how risk vs reward would be managed’.

Participant C considers ‘new governance models to be a challenge because a new
set of skills and new organisational structures are required to come up with them.’ Simi-
larly, participant A says that ‘current governance models are not set up for automation’.
Participant A tells that ‘to escalate decision making, citizen engagement is necessary in
governance structure’. Participant F deems it to ‘be in the governments best interest to
avoid IP problems, hence when they employ private sector capabilities, they must ensure
the company to share the IP to avoid exploitation’.

4.2.3 The Role of Governance, Regulations and Policies in Smart Cities

ParticipantA considers ‘lowurban institutional capacity to be one of the biggest concerns
because essentially, existing structures need to be transformed into new technologically
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driven structures’. Equally, participant H asserts that ‘there is a lack of awareness with
regards to the breadth and depth of what is best practice. Therefore, people are starting
from scratch rather than looking at where there already is good practice’. Participant B
adds that ‘best practices have been drawn out of working with local authorities, and the
best practice templates of already resolved issued can be followed’. Participant C states
that ‘the economic and political view is the most influential one, and the challenge lies
in settling the debate between politics and technology’. Moreover, participant D affirms
that ‘if there is sufficient urban institutional capacity, there will not be any problems
of instability in governance’. Besides, according to participant E, ‘the perceived gap
between government and governed can be reduced with the SC concept’. Participant F
says, ‘another challenge is that local authorities are often inward focused, hence don’t
see the world from a citizen’s perspective of consider what services citizens want to
consume and how they can use technologies’.

All eight participants agreed that additional laws and policies were necessary to
protect citizens against the threats of innovative technologies. Though, participant F
suggested that ‘standards, voluntary agreed best practices are an alternative to laws
and regulations’. Equally participant B says that ‘it is quicker to create and approve of
standards than it is to pass a new law’. Conversely, participant C states that ‘standards sit
hand in hand with legislation as governments sponsor or endorse standards’. Likewise,
participant B reveals that ‘the PAS180 range is a set of BSI (British Standards Institution)
standards commissioned by the government to advice local authorities with regards to
SC development’. A number of participants affirmed that most importantly, ‘citizen
engagement was necessary in devising new laws and policies’.

5 Discussion

SC technologies such as smart-syncing traffic lights, have the potential to alleviate traffic
jams in congested cities [13]. Moreover, IoT sensors on physical infrastructure, can
be employed to forewarn any problems so that reparations can be undertaken before
breakdown [19]. The participants of this study would agree, as results demonstrate
that the SC benefits that technology has the largest impact on are better traffic flow
and renewed infrastructure. Various technologies and data from SC applications can be
used to reduce the rate of crime across cities [17, 18]. Contrastingly, the study shows
technology to be less influential in enabling safer cities. This potentially reflects on the
fact that rather than being directly influenced by technology implementation, safer cities
are result of other factors. For example, technology enables the improvement ofmobility,
social and economic equality, with crime rates diminishing as an after-effect.

Air quality can be improved, and energy saved by decreasing vehicular emissions
through SC applications [13]. Likewise, the study reveals that the two challenges that
can primarily be tackled through SC implementation are air pollution and urban conges-
tion. By way of a positive chain reaction, some using SC technology to tackle certain
challenges, could have a more extensive positive over-all effect. For example, reducing
urban congestion not only reduces greenhouse gas emissions and noise pollution but
also improves QoL by reducing citizens’ commuting time.

SC technologies have markedly changed the concept of personal privacy [24]. The
organisations who collect citizens data for SC development purposes also hold a great
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deal of power and responsibility and the concern lies in data misuse or disclosure [25].
Comparably, the study determines that the biggest technological challenges in SCs are
security, hackers and privacy concerns. In contrast, the survey demonstrates that interop-
erability and funding of SC technologies are less of a challenge. This could be because
as experts working in the field of SC, they have a better comprehension of how various
technologies function together and witness SC projects being funded on a regular basis.
Even so, interoperability plays a key role in BIM, as the data held in a model is only
useful when exchangeable [48], and the IFC standard is one of the foremost ways to
achieve BIM interoperability [49].

Managing the large amounts of data and maintaining the privacy of citizens are
issues of significant matters in SCs [24]. BIM plays an essential part in methodically
analysing and classifying the large amounts of data produced by sources including peo-
ple, machines and infrastructure on a daily basis. BIM, is able to amass a building’s
geometric and semantic information over the course of its life-cycle and research shows
that it has the potential to catalyse SC development [50]. However, BIM is not able man-
age the big data produced by SCs, unaided [51], therefore necessitating BIM integrated
solutions with technologies including IFC, 3D point cloud, City GML, Application
Programming Interface (API). The participants of this study agree that the biggest pri-
vacy and security concerns are necessity for data privacy, security and portability, cyber
security risks and the issues surrounding the sharing of data, assets and IP. While the
collection of citizens’ data is a prerequisite of SCs, technologies such as encryption
through blockchain can protect and keep the data anonymous. Contrarily, study findings
show that the requirement for regulatory compliance and for governance models that
facilitate data sharing and decision making to be much less significant. This perhaps
insinuates that although technology operations follow correct the problem lies in the
illegal undertakings that infringe on citizens’ data and violate their privacy.

SC policies are key to increasing a cities productivity, cumulative knowledge and
economic output [32]. On the other hand, the study indicates that the foremost reason
for implementing SC policies is for the protection of data usage. While both innovative
and security reasons are relevant motives for enforcing policies, the discrepancy can be
explained by the fact that multiple choice options available to the participants, focused
on the policy-making that provided safety and security. Standards can both enable and
inhibit SC innovation [52]. An interconnected series of standard changes must evolve
to allow smarter cities and policy makers to achieve their objectives. This evolution
involves the creation of new standards and the maturation of those already in existence
[53].

The responsibility of re-evaluating and establishing new regulations lies with city
leaders and national policymakers, however they should be supported by civil society
organisations, technology vendors and private companies.Although the study establishes
that city and national governments should be involved in policy and regulation creation
surrounding the use of technology in SCs, it conversely shows that it is not as essential
for stakeholders such as investors, health care providers, start-up incubators and logistics
providers, to be involved in the creation of policies and regulations. Given that many
of the study participants are part of these stakeholder groups, it perhaps suggests that
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they either do not want the responsibility of or do not feel well enough informed to be
involved in creating new regulations.

Legal and regulatory requirements should be up to date with the latest technologies,
particularly for SC propositions to acquire investments [34]. The study confirms that
primarily, the data rights law needs to be improved followed by privacy laws. According
[39], SC agendas could be delayed or obstructedwithout the necessary legal frameworks.
SC technologies are developing rapidly, however getting new legislation approved is a
lengthier process. To overcome this obstacle, internationally agreed standards can be
more easily established instead.

6 Conclusion and Future Work

The study confirmed that technologies play a significant role in the implementation of
SCs bringing numerous benefits including better flow of traffic, better-quality infras-
tructure, more efficient public services and improved energy efficiency. These benefits
contribute towards the inclusion aspect of UN 2030, SDG #11. However, there are cer-
tain challenges associated with the use of technologies in SCs, most notably maintaining
the security and privacy of citizens’ data. The primary solutions to safeguarding citi-
zens’ privacy and security in SCs are educating citizens, implementing anonymity and
privacy measures and ensuring cyber-security. To maintain data privacy, it is suggested
that the data is stored anonymously, and that information is only revealed on a need-
to-know basis. Moreover, internationally agreed standards are a useful tool to address
security challenges, as several ICT standards already exist. Although it is uncomplicated
to initiate new standards, the consequent challenge is progressing the standards through
regulatory compliance and obtaining government approval. This research also confirmed
that there are not enough policies and laws in place to protect citizens against threats,
making this a topic for further research. Finally, it was found that the biggest governance
challenges in the development of SCswere the disparity between the government and the
governed, lack of access to information and inadequate citizen awareness, engagement
and participation.

It should be noted here that there are certain limitations to the research findings,
stemming from the sample size. Further research can investigate a larger sample with
participants from other countries too. Moreover, more work should be done to investi-
gate how the privacy and security challenges can be faced. Further investigation could
therefore determine a strategy to overcome these challenges and reap the benefits of SC
technologies through new SC governance, regulations and policies.
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Özkoç, Onur 101

Sassine, Rita 115
Seyis, Senem 69, 159

Tan, Seda 3
Tüntaş, Duygu 101

Uzun, Fatih 145

Yalnız, Cansu 33


	 Preface
	 Organization
	 Contents
	BIM Adoption and Design Process
	Identifying Factors Limiting the Prevalent Use of BIM Technology in the Turkish Construction Industry
	1 Introduction
	2 Identifying the Potential Causes of Factors that Affect the Extensive Use of BIM Technology
	3 Research Methodology and Material
	4 Research Findings and Discussion
	4.1 Research Findings
	4.2 Discussion

	5 Conclusions
	References

	The Use of Building Information Modeling in Early Architectural Design: Case Studies with AEC Firms
	1 Introduction
	2 BIM and Its Utilization in Early Design Stages
	3 Case Studies
	3.1 Research Methodology
	3.2 Results and Analyses

	4 Findings
	5 Conclusion
	References

	BIM for Project and Facilities Management
	BIM-Based Value Engineering: Creating a Plug-In System for Time Saving and Quantity Management
	1 Introduction
	2 Methodology
	3 The BIM Implementation Perspective in Ronesans
	4 Plug-In Development Process Considering VE Phases
	4.1 Information Phase
	4.2 Function Analysis Phase
	4.3 Creativity Phase and Evaluation Phase
	4.4 Development Phase
	4.5 Presentation Phase
	4.6 Implementation Phase

	5 Room-Related Surface Plug-In Usage Process
	6 Case Study
	6.1 Plug-In Usage Comparison
	6.2 Survey Results

	7 Conclusions
	References

	Leveraging Prefabricated Construction Supply Chain Management Through Building Information Modelling
	1 Introduction
	2 Related Works
	2.1 Prefabricated Construction Supply Chain Management
	2.2 The roles and Challenges in Construction Supply Chain Management
	2.3 Capabilities of Building Information Modelling (BIM) in Construction Supply Chain Management

	3 Methodology
	4 Results and Discussion
	4.1 Development of Process Map
	4.2 Validation of Process Map

	5 Conclusion
	References

	A Simplified Guide on BIM Integration to Mitigate Facilities Management Risks of Modular Construction Projects
	1 Introduction
	2 Research Methodology
	3 Facilities Management Risks and Risk Factors of Modular Projects
	4 Achievements from Facilities Management Inclusion at the Design Stage of Modular Construction
	5 BIM Integration Process with FM and Design Team
	5.1 Maintenance of Modules and Space Management
	5.2 Energy Efficient Approach
	5.3 Quality Guarantee and Safety in Operation
	5.4 Analysis of Validations from Experts

	6 Conclusion
	References

	A Proposal of a BIM and AR Integrated Application Against Fall Risks in Construction Projects
	1 Introduction
	2 Occupational Safety in the Construction Sector
	3 Existing Studies for Occupational Safety in the Construction Sector
	4 The Proposal of the AG-IGU Application for the Fall Risk in Construction Projects
	4.1 The AG-IGU Software Architecture
	4.2 The Working Methodology of AG-IGU

	5 Conclusion and Future Scope
	References

	BIM Education
	BIM Integration in Architectural Education: Where Do We Stand?
	1 Introduction
	2 Methodology
	2.1 Research Questions
	2.2 Search Strategy
	2.3 Inclusion and Exclusion Criteria
	2.4 Review and Analyses of Articles

	3 BIM Integration Efforts
	4 Collaboration Dynamics
	4.1 Collaboration Among Architecture Students
	4.2 Multidisciplinary Collaboration
	4.3 Additional Roles in Multidisciplinary Collaboration
	4.4 Potentials and Challenges

	5 Conclusion
	References

	Collaborative BIM for Construction Engineering Students
	1 Introduction
	2 BIM and Education
	3 BIM at ESTP Paris
	3.1 BIM Parametric Modeling Project Course
	3.2 BIM Collaborative Project Course
	3.3 GIS/CIM Project Course

	4 Advantages and Difficulties
	5 Evaluation Criteria
	6 Conclusion and Future Direction
	References

	Novel Viewpoints on BIM
	Kinetic Architecture and BIM: The State of Art and Future Visions
	1 Introduction
	2 Design Principles of Kinetic Architecture
	3 Integration of Kinetic Architecture and BIM
	4 Extended Kinetic BIM Ontology and the KBIM Framework
	5 Conclusion
	References

	Use of Integrated HBIM Methods for Historic Underground Structures: Pişirici Kastel Case Study
	1 Introduction
	2 Background
	3 Case Study: Pişirici Kastel
	4 Methodology and Scope
	4.1 Photogrammetric Data Acquisition for HBIM
	4.2 Thermal Imaging Data Acquisition

	5 Information Modeling
	5.1 Documentation of Model Data and Thermal Imaging Data with the Visual Programming Language
	5.2 Results

	6 Conclusion
	References

	Review of Uncertainties in Building Characterization for Urban-Scale Energy Modeling
	1 Introduction
	2 Bottom-Up Energy Models
	2.1 Statistical Models
	2.2 Engineering Models

	3 Bayesian Calibration in UBEM
	4 Uncertainties in Occupancy-Related Parameters
	5 Discussion
	6 Conclusion
	References

	Building Information Modelling (BIM) and Smart Cities: The Role of Governance, Regulations and Policies
	1 Introduction
	2 Literature Review
	2.1 Benefits of the Key Technological Drivers for Smart Cities
	2.2 Challenges Arising from Technology Use in Smart Cities
	2.3 Role of Governance, Regulations and Policies in Smart Cities

	3 Methodology
	4 Results
	4.1 Quantitative Results
	4.2 Qualitative Results

	5 Discussion
	6 Conclusion and Future Work
	References

	Author Index

